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The potential risk of developing surface condensation keeps thermo-active building 
systems (TABS) from being applied in buildings located in partly warm and humid climate regions. 
This study presents a framework for model predictive control (MPC)-based surface condensation 
prevention that can avoid the surface condensation during the cooling periods when the TABS is 
in operation. Because MPC determines the input signal for the system not only based on the current 
states but also on the impact that the actions will have on the future states, it is suitable for 
anticipatory surface condensation control that must respond to both dynamic indoor condition 
changes and the time-delay in hygrothermal transfer in advance. Heat and moisture transfer 
dynamic models were developed for prediction of future states and these dynamic models were 
calibrated with the measured data to improve the surface condensation prediction accuracy. Based 
on future states predicted by the calibrated dynamic models, the MPC-based condensation 
prevention framework adjusts the surface temperature for the TABS in ways that ensure indoor 
thermal comfort and energy efficiency without the development of surface condensation. The 
proposed MPC-based surface condensation prevention framework reduced the surface 
condensation occurrence risk as well as the cooling energy even when the TABS is in operation 
under warm and humid climate regions. Given the growing demand for the TABS, the proposed 
MPC framework meets a critical need. By controlling the potential risk of surface condensation 





CHAPTER 1. Introduction 
 
1.1. Background 
The effect of greenhouse gas emissions on the global climate is one of the century's main 
problems. Various approaches to reducing greenhouse gas emissions have been studied. Because 
the built environment accounts for almost 40 % of industrialized society's total energy demand [1] 
and roughly 20 % of the total CO2 emission [2], targeting the built environment has proven to be 
the most economically beneficial strategy for greenhouse gas emissions reduction [3]. 
A generally accepted strategy in achieving greenhouse gas emissions reduction aims to 
apply energy-efficient heating or cooling technologies in buildings. To accomplish the energy-
efficient heating or cooling technologies in buildings, occupant's comfort needs to be maintained 
with minimum energy input to the systems. Based on the American Society of Heating, 
Refrigerating and Air-conditioning Engineers (ASHRAE) Standard 55 [4], thermal comfort for a 
person is defined as a condition of mind that expresses satisfaction with the thermal environment'. 
Generally, the following six comfort parameters are widely accepted for determining the indoor 
thermal comfort for occupants: 1) air temperature, 2) mean radiant temperature, 3) air velocity, 4) 
vapor pressure in ambient air, 5) activity level, and 6) thermal resistance of clothing.  
Among these parameters, air temperature, mean radiant temperature, air velocity, and vapor 
pressure in ambient air can be controlled with heating or cooling technologies. However, in many 
cases, heating or cooling technologies are operated based on ambient air conditions only, 




of indoor surface radiant temperature on thermal comfort, occupants may experience discomfort 
conditions like radiant asymmetry [4]. Figure 1 shows how much people experience thermal 
discomfort to the radiant asymmetry [6]. According to Figure 1, people are more sensitive to 
asymmetry caused by an overhead warm surface than a cold surface. This leads to facts that: 1) 
both air temperature and indoor surface radiant temperature should be considered altogether to 
maintain occupants' thermal comfort, and 2) there is excellent energy savings potential of utilizing 
surface radiant cooling systems on the ceiling side. 
 
 
Figure 1. Percentage of people dissatisfied (PPD) from different types of radiant asymmetry 
 
Over the past few decades, numerous cooling technologies have been examined to reduce 
buildings' cooling energy. One of the most promising strategies is to use cold surfaces as a radiant 
cooling device to reduce the cooling load for multi-story buildings [7]. The radiant cooling system 
refers to using cooled shells or construction layers to remove sensible indoor heat by thermal 




based systems) and hydronic-based systems based on what medium they use. Among these two 
systems, the hydronic-based radiant cooling system is considered more energy-efficient because 
of its less transport energy input than the non-hydronic-based system. Given the same volume, 
water has much more capacity to deliver heat energy than air, leading to significant transport 
energy savings for the hydronic-based systems than the air-based systems.  
 
Table 1. Comparison between forced air-based cooling systems and hydronic-based radiant cooling systems 




Need to deal with: 
- Cooling load (𝑞𝑞) 
- Ventilation load (?̇?𝑉) 
Need to deal with: 
- Cooling load (𝑞𝑞) 
A sub-mechanical ventilation cooling systems (or natural 
ventilation) can deal with ventilation load (?̇?𝑉 ) to maintain 
indoor air quality 
 
Table 1 shows a conceptual comparison between forced air-based cooling systems and 
hydronic-based radiant cooling systems. The hydronic-based radiant cooling systems have the 
following advantages compared to the conventional forced air-based cooling systems. First, the 
relatively high heat capacity of water allows the hydronic-based radiant cooling system to have a 
smaller distribution system size. In general, 10mm radius water pipes are installed within or 
adjacent to the radiant cooling systems at intervals of 150-200mm [8]. This small space required 
for a hydronic-based radiant cooling distribution system can bring greater flexibility in the 
architectural design practice. Therefore, many designers and planners adopted the hydronic-based 
radiant cooling systems in many multi-story building projects to bring more freedom to the design 




Second, the radiant cooling systems can lead to significant energy savings by isolating the 
control for cooling and ventilation [9]. In the forced air-based cooling systems, the amount of air 
conditioning is decided considering both cooling load and ventilation demand. However, the 
calculated amount derived from the cooling demand and ventilation demand is rarely equal [8]; 
this discrepancy can lead to a redundant energy input for air conditioning and transport energy of 
the forced air-based cooling systems. Potentially, some amount of power for air conditioning can 
be reduced by recirculating the conditioned air within the air-based cooling systems. Still, this air 
recirculation strategy is not applicable for multi-story buildings with a large occupant density 
because most of the returned air needs to be replaced with the outdoor air to keep an acceptable 
indoor air quality. 
In contrast, the radiant cooling systems allow an accurate control for both cooling and 
ventilation by separating each other. In general, the radiant cooling systems are coupled with a 
sub-mechanical ventilation cooling system [8]; the majority of sensible cooling load is covered 
with the radiant cooling systems while the rest of the cooling load and ventilation demand is 
controlled by the sub-mechanical ventilation cooling systems. This separation in cooling and 
ventilation functions within the system will allow more accurate control for cooling load and 
ventilation demand, thus enabling significant energy savings.  
Third, when the radiant cooling systems are coupled with the sub-mechanical ventilation 
cooling systems, a higher thermal comfort level can be provided to the occupants.  As addressed 
above, six factors impact human thermal comfort [10]: 1) air temperature, 2) mean radiant 
temperature, 3) air velocity, 4) vapor pressure in ambient air, 5) activity level, and 6) thermal 
resistance of clothing. Besides two personal factors (activity level and thermal resistance of 




thermal comfort level. The forced air-based cooling systems only contain three of these factors, 
ignoring the radiant temperature. Disregarding the impact of radiant temperature on occupants' 
thermal comfort may result in uncomfortable conditions for occupants such as cold draft or radiant 
asymmetry. For example, when lightly clothed occupants are working in front of the desk under 
moderate indoor airspeed (< 0.2 m/s), they tend to exchange more of their sensible heat through 
radiation than convection [8]. Thus, once the radiant cooling systems are coupled with the sub-
mechanical ventilation cooling systems, it can deal with the sensible and latent cooling load and 
control the radiant surface temperature, thus creating genuinely comfortable indoor conditions for 
the occupants.  
Fourth, the hydronic-based radiant cooling systems can be operated more energy-
efficiently than the forced air-based cooling systems because of their effective ways of exchanging 
heat through the surface radiant cooling effect [8]. Because heat exchange through radiation is 
more dominant than convection under the same cooling energy input [8], a supply water 
temperature for radiant cooling systems can be higher than a supply air temperature for the forced 
air-based system to bring the same cooling effect to the occupants (Figure 2). By having the supply 
water temperature (from the evaporator) close to the temperature of the condenser where waste 
heat is emitted, the coefficient of performance (COP) for the chillers can be increased [11]. 
Additionally, when this condenser is connected to a ground source loop or a cooling tower, the 





















Table 2. Comparison among forced air-based cooling, hydronic-based cooling with mech. ventilation, and hydronic-based cooling with natural ventilation 
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load 
Determined by: 





Can be bad High 
Hydronic-based cooling with mechanical ventilation 
 























Three types of hydronic-based radiant cooling systems have been identified (Figure 3): 
radiant cooling panels, embedded surface cooling systems, and thermo-active building systems 
(TABS) [12]. The radiant cooling panels are suspended metal panels that produce cold surfaces to 
remove indoor heat by radiation. The cold surface temperature can be made by water pipes laid on 
the metal panels. The embedded surface cooling system exchanges heat through the embedded 
water pipes within gypsum board layers, but the system is insulated from the building construction 
layer. The thermo-active building systems (TABS), on the other hand, pass cooled water directly 
through the water pipes embedded in construction layers for cooling rooms [13].  
 
Figure 3. Three types of hydronic-based radiant cooling systems 
 
Among the three types of hydronic-based radiant cooling systems, the TABS can exploit 
the thermal storage effect significantly better over the other systems by cooling down the 
construction layers (e.g., concrete slab) directly. The heavy construction layers of TABS are pre-
cooled with nighttime cooling sources (outdoor air or groundwater sources nearby) a few hours 
ahead of occupancy to cope with rapidly increasing cooling energy demand during the daytime. 
On the other hand, the heat stored within the heavy construction layers of TABS during the daytime 
can be kept beyond the time of occupancy and is then cooled down by the nighttime cooling 
sources (outdoor air or groundwater sources nearby) that have been produced during the less 
expensive operational cost period (Figure 4). Therefore, both the peak cooling load and the 





Figure 4. Theoretical diagram of peak shaving with TABS 
 
Besides the thermal storage effect of TABS, the low initial installation cost for the TABS 
is another advantage [11]. Because the TABS only requires the installation of pipes or tubes inside 
the concrete layers, initial installation costs for new construction buildings are considered more 














Figure 5. Schematic diagram of the water pipe-embedded TABS and its operation on ceiling 
 
When utilizing the TABS for cooling, the following should be considered with caution. 
First, the installation of TABS on the structural systems should be avoided [8]. The TABS should 
be installed in the less load-bearing structures because hollow pipes or tubes do not have load-
bearing capability. Second, designers or engineers should consider installing noise buffers 
underneath the TABS to control the potential noise problems that can be caused by flowing water 





1.2. Thermo-active Building Systems in Architecture 
By the beginning of this century, thermo-active buildings systems (TABS) are gaining 
more technological momentum because of the significant cost-saving and high occupant thermal 
satisfaction level. The TABS has been widely utilized for cooling in multi-story buildings in central 
Europe (Switzerland, Germany, Austria, etc.) and spread out to North America and Asia partly [11].  
Starting from the 1990s, many practitioners and architects in Europe adopted TABS as the 
major cooling system for their projects. In Germany, the TABS is also one of the most widely used 
cooling systems for multi-story buildings. The Zollverein school of management and design 
(Figure 6), located in Essen, is a good example that solved its design challenge by utilizing the 
TABS. The building was designed by renowned architectural firm SANAA. In the initial design 
phase, this project's main challenge was to achieve the passive house standard for the building 
envelopes. To achieve the standard, relatively thick wall construction and insulation were required, 
which was not a very favorable situation for the design team because indoor spaces would be 
compromised, and initial insulation costs would increase. Thus, the engineers came up with TABS 
integrated with a free source of heating and cooling. For the heating, they reused the heated water 
from the 1000 m -deep mine shafts; for the cooling, the cooling tower produced cold water by 
exchanging heat with low nighttime outdoor air temperature. By utilizing the free source of heating 
and cooling for the TABS, the thickness of building envelopes could remain as they initially 
planned. Compared to the conventional air-based HVAC system, significant heating and cooling 
energy savings were achieved thanks to the TABS. The installation cost of TABS for heating and 






Figure 6. The Zollverein School with TABS, Essen, Germany [15] 
 
After the energy and cost savings potential of the TABS has been proven throughout many 
projects in central Europe, newly built building projects in North America started to adopt the 
TABS as a primary cooling system. The Fred Kaiser building at the University of British Columbia 
(Figure 7), located in Vancouver, is a multi-story building that adopted the TABS for heating and 
cooling. A cooling tower at the rooftop produces cold water from the nighttime cold outdoor 
temperature; the produced cold water is distributed to each room for cooling. The building could 







Figure 7. The Fred Kaiser Building with TABS, Vancouver, Canada [15] 
 
When historic buildings require a major HVAC systems renovation without penalizing 
aesthetic aspects of the spaces' original design features, the hydronic-based radiant cooling systems 
can be a solution. Crown Hall (Figure 8) in Chicago, Illinois, was designed by Mies van der Rohe. 
The building initially lacked an air-conditioning system; however, an increase in enrollment to the 
school led to the renovation of the building with a cooling system. Unfortunately, the renovation 
was implemented disregarding the original design integrity of Crown Hall; air ducts were exposed 
to the indoors. After the building was granted National Historic Landmark status in 2001, the 
building went through a second major renovation of the cooling system. A surface radiant cooling 
system replaced all of the exposed air ducts. By replacing all of the ductwork with the surface 
radiant cooling system, the building could recover the purity of the space that was intended by 







Figure 8. The Crown Hall with the surface radiant cooling system, Chicago, United States [15] 
 
1.3 Problem Statement 
Although the TABS has proven to be a promising cooling technology and is widely used 
in Central Europe and partly in North America, many practitioners and engineers still consider the 
TABS an unsuitable cooling technology in humid summer areas [8]. This is because the radiant 
cooling systems, including the TABS, cannot control the humidity level in the air. Thus, surface 
condensation can occur when it is used in areas with humid summer seasons. The green shaded 
areas on Figure 9 indicate the climatic regions where TABS have been widely used; the red shaded 
areas on Figure 9 show the climatic areas with a high risk of surface condensation development 
while TABS is in operation. These red shaded areas are classified as "Group A: Tropical climates" 





Figure 9. TABS widely used climatic regions vs. Risky TABS application 
 
Because of this potential risk of developing surface condensation, surface radiant cooling 
systems, including the TABS, are not recommended in the regions with warm and humid summer 
(red shaded areas in Figure 9). For example, Crown Hall requires an automated dehumidification 
system in addition to the radiant cooling system to prevent surface condensation. Without the 
dehumidification process, warm and humid air coming from Lake Michigan would meet the 
system's cold surface, leading to the surface condensation occurrence on the method applied in 
Crown Hall. As shown in Table 3, more than two-thirds of TABS-applied buildings are located in 
climatic regions with less humid summer; the rest are situated in the areas with warm and often 






Table 3. List of TABS applied buildings with climatic regions 




1 Charles Hostler Student 
Recreation Center 
Beirut, Lebanon Csa, Mediterranean climate Dry  
2 Dolce Vita Tejo Lisbon, Portugal Csa, Mediterranean climate Dry  
3 IDOM Company 
Headquarters 
Madrid, Spain Csa, Mediterranean climate Dry  
4 Fred Kaiser Building Vancouver, Canada Csb, Mediterranean climate Warm and dry  
5 Euromed Clinic Furth, Germany Cfb, Oceanic climate Mild  
6 Semmelweis Medical 
University 
Budapest, Hungary Cfb, Oceanic climate Mild 
7 Zollverein School  Essen, German Cfb, Oceanic climate Mild 
8 Südwestmetall Office 
Building 
Heilbronn, Germany Cfb, Oceanic climate Mild 
9 Dauerhaft wandelbar Stuttgart, Germany Cfb, Oceanic climate Mild 
10 Wohnhaus Basel, Switzerland Cfb, Oceanic climate Mild 
11 Middelfart Savings Bank Middelfart, Denmark Cfb, Oceanic climate Mild 
12 Opera House in 
Copenhagen 
Copenhagen, Denmark Cfb, Oceanic climate Mild 
13 BMW World Munich, Germany Cfb, Oceanic climate Mild 
14 Balanced Office Building Aachen, Germany Cfb, Oceanic climate Mild 
15 Viborg Town Hall Viborg_Denmark Cfb, Oceanic climate Mild 
16 Klarchek Information 
Commons 
Chicago, Illinois, USA Dfa, Humid continental climate Warm and often 
humid 
17 Crown Hall Chicago, Illinois, USA Dfa, Humid continental climate Warm and often 
humid 
18 Cooper Union New York Manhattan, New York, 
USA 
Dfa, Humid continental climate Warm and often 
humid 
19 Kripalu Housing Tower Stockbridge, 
Massachusetts, USA 
Dfb, Humid continental climate Warm and often 
humid 
20 The Terrence Donnelly 
Center 
Toronto, Canada Dfb, Humid continental climate Warm and often 
humid 
21 Dockland Offices Hamburg, Germany Dfb, Humid continental climate Warm and often 
humid 
22 Berliner Bogen Offices Hamburg, Germany Dfb, Humid continental climate Warm and often 
humid 
23 Mercedes World Berlin, Germany Dfb, Humid continental climate Warm and often 
humid 
24 Linked Hybrid Beijing, China Dwa, Humid continental climate Hot and 
often humid 
 
When the interstitial moisture cannot escape from the building construction layers and 
accumulates, moisture starts to condense and can cause moisture-related problems, including 
corrosion of the building fabric, deterioration of insulation, etc. [16]. Mold is the most critical of 
these problems (Figure 10). Based on [17], under ideal conditions (optimal temperature and level 
of humidity), it takes 24 to 48 hours for mold to germinate and grow [18]. Suppose this mold 




in some cases, the mold can extend to interior surfaces, which can lead to occupants' health 
problems, such as allergic rhinitis. This potential risk of developing surface condensation keeps 
thermo-active building systems (TABS) from being applied in buildings located in partly warm 
and humid climate regions. 
  
Figure 10. The condensation occurrence and the resultant mold growth on the concrete surfaces 
 
To sum up, a thermo-active buildings system (TABS), one of the surface radiant cooling 
systems, is a promising cooling technology in reducing energy demand and providing better 
thermal comfort for occupants, but the potential risk of developing surface condensation on the 
TABS surface has kept the system to be applied widely under partly warm and humid climatic 
regions. Without solving the potential risk of developing surface condensation on the TABS, 
designers and planners will hesitate to choose the TABS as a major cooling system for their 
projects. 
In the following section, literature review will be addressed how researchers have explored 
ways to predict, prevent, and control risk of developing surface condensation within construction 
layers. Also, a promising approach to prevent the risk of surface condensation is addressed and 





CHAPTER 2. Literature Review 
 
2.1. Moisture Movement in Building Construction Layers 
While controlling heat transfer through the building envelopes has been the primary 
concern for reducing building energy demand over the past few decades, a moisture-driven 
problem within the building construction layers has relatively less been considered [19]. The 
source of this problem is that as designers target increase insulation of the building envelope walls 
to achieve higher thermal resistance, there will be an increased temperature differential between 
the inner and outer portions of the walls; depending on the climate, the inner portion of the wall 
may get warmer but, at the same time, the outer part will get much colder, or vice versa [20]. 
Temperature differences in these walls affect the flow and redistribution of moisture in the wall, a 
moisture transport process in both vapor and liquid phases, which can lead to interstitial 
condensation. Thus, special care and attention are required when designers select material and 
control layers in envelope systems.  
There are mainly four moisture movement mechanisms where the surface condensation 
development can damage building construction layers: 1) liquid flow caused by gravity or an air 
pressure difference, 2) capillary suction through porous materials, 3) air movement, and 4) vapor 
diffusion. Any moisture-related problem is a result of one or a combination of the above four 
mechanisms. The liquid flow is responsible for moving moisture into the building construction 
layers from the exterior caused by gravity or an air pressure difference. Capillary suction is a 




nearby. If the pore size in the construction layers is small enough, like concrete material, the 
capillary suction effect can be significant. The moisture can also penetrate the construction layers 
via air movement. When a crack or gap exists in the construction layers, the air can bring moisture 
deep into the layers, which can cause severe damage to the construction material. Vapor diffusion 
is the moisture movement in the vapor state through construction layers. This process is driven by 
a function of the vapor permeability of material and the vapor pressure differential imposed across 
the construction layers. During the vapor diffusion process, once the air's partial vapor pressure 
reaches the saturation level or the surface temperature reaches the dew point temperature, moisture 
starts to condense on the construction layers.  
Considering TABS is generally installed on the ceiling side, not on the exterior 
construction layers, the mechanism of liquid flow caused by gravity or an air pressure difference 
can be neglected for surface condensation problems of the TABS. Therefore, capillary suction 
through porous materials, air movement, and vapor diffusion are the three mechanisms of moisture 














Table 4. Three mechanisms of moisture movement can occur while TABS operation 




Capillary suction is a combined effect from the pore size in 
building construction layers and condensation existence 
nearby. If the pore size in the construction layers is small, like 




The moisture can also penetrate the construction layers via air 
movement. When a crack or gap exists in the construction 
layers, the air can bring moisture deep into the layers, which 




Vapor diffusion is the movement of moisture in the vapor state 
through construction layers.  
 
Capillary suction moves moisture into porous materials mainly. If pore size in a material 
is small enough (e.g., concrete, silty clay, etc.), the capillary suction occurs. Capillary suction does 
not happen in the material without pores (e.g., glass, steel, plastics, etc.). Capillary suction can be 
extremely critical where the building construction layers are below grade.  
In general, the capillary suction can be controlled by blocking the capillary moisture or 
selecting the pore size of the building construction materials carefully. Capillary suction can also 
be prevented by sealing the connections between materials using caulking joints or providing the 
links wide enough not to bring capillary effect. Also, a receptor for capillary moisture can be 




Air movement mechanism can transport moisture into building construction layers both 
from the conditioned space and the exterior. Following three conditions should be met to bring 
moisture into the building construction layers with air movement mechanism: 1) moist air should 
exist, 2) a gap or an opening exists in the building construction layers, and 3) an air pressure 
difference occurs across the hole or space in the building construction layers.  
Even if the moisture enters the building construction layers, it does not necessarily deposit 
along with the building construction layers; the air movement's velocity should be slow enough 
for the moist air to be cooled down to the dew point temperature turn leads to the surface 
condensation development. Otherwise, the fast-flowing moist air can be maintained above the dew 
point. Making the building envelope airtight is one of the most effective strategies to deal with 
moisture transfer through air movement mechanism.  
Vapor diffusion is the moisture movement process in the vapor state through materials. As 
far as the vapor pressure difference exists between two spaces, the vapor diffusion occurs. In a 
cold climate where a building is mainly heated, vapor diffusion typically moves moisture from the 
conditioned room into building construction layers. In contrast, in warm weather, the vapor 
diffusion naturally moves water from the exterior into the building construction layers.  
The vapor diffusion mechanism can be controlled by installing the vapor retarders in the 
interior side of building construction layers in cold climates. In contrast, the instrument can be 
controlled by installing the vapor retarders on the exterior side of building construction layers in 
warm temperatures.  
Considering these three potential moisture transfer pathways together, the amount of 
moisture transferred from the indoor space or the exterior into the building construction layers can 




information, the potential risk of developing surface condensation needs to be controlled to prevent 
the construction material's damage. 
 
2.2. Surface Condensation Control with a Vapor Retarder 
Attempts to introduce vapor retarders for preventing interstitial condensation were not 
expected until the 2000s. In the 1940s, polyethylene sheets were first introduced to control the 
vapor diffusion from interior space into building construction layers [19]. Then, in 2003, as part 
of its extensive proposal to the International Energy Conservation Code (IECC), the U.S. 
Department of Energy proposed vapor retarder recommendation based on the IECC climate zones 
classification [21] as a significant solution for interstitial condensation problems,  
The IECC climate zones are classified with similar climatic conditions within the U.S., 
based on the massive database (e.g., heating degree days, cooling degree days, and wet-bulb 
temperature) that have been collected over the past few decades. Each zone has a number, starting 
from climate zone 1 for the hottest climatic region to climate zone 8, the U.S.'s coldest areas. Each 
numbered zone is then subdivided into A (Moist), B (Dry), and C (Marine), which specifies the 
humidity level of the climate zone (Figure 11). The IECC climate zones have been the significant 
climate zone classifications for the U.S. building code that have been used by local jurisdictions, 
and ASHRAE has developed several standards. The vapor retarder recommendation was also 
developed in alignment with the effort to establish the guidelines to control heat transfer through 
building envelopes because there was a hope that the IECC climate zones classification could also 
be used as the basis for measures designed to prevent the vapor moisture transfer through building 






Figure 11. IECC climate zone map 
 
Table 5. Vapor retarder classifications 
Class Vapor permeance level [kg/m2 s Pa] 
Class I Vapor permeance ≤ 5.7 × 10-12 
Class II 5.7 × 10-12 < Vapor permeance ≤ 5.7 × 10-11 
Class III 5.7 × 10-11 < Vapor permeance ≤ 5.7 × 10-10 
 
The basic principle of the vapor retarder recommendation was blocking warm and humid 
air penetrating building envelopes while allowing the moisture to escape through the opposite side 
of building envelopes to keep dry conditions of the building envelopes. The vapor retarder classes 
are determined depending on the vapor permeance level, which specifies the vapor diffusion 
permeability through porous materials (Table 5).  Table 6 shows the vapor retarder class 




mainly occur in the Moist (A) and the Marine (C) zones, Dry (B) zones are not considered in the 
vapor retarder recommendation. For the climate zones 1-2 and climate zones 6-8, where the 
outdoor temperature is either extremely hot or cold, there was a consensus that climate zones 1-2 
(hot) do not require vapor retarder (to avoid vapor trapped in building envelopes) while climate 
zone 6-8 involves vapor retarders in the inner side of the insulation to prevent interstitial 
condensation. However, regarding the intermediate climate zones, including zones 3, 4, and 5, 
seasonal temperature variability is more extensive than in climate zones 1-2 and zones 6-8; the 
vapor retarder recommendation derived from the IECC zone caused controversy among designers 
and builders. Some building industry segments criticized it because there was insufficient evidence 
to justify the request for vapor retarder guidance built based on the IECC climate zone 
classification, especially for the intermediate climate zones (Zone 3 through Zone 5) [19]. Because 
of this inconsistency, some states did not require vapor retarder recommendations as to the building 
codes. 
To establish evidence to support the IECC vapor retarder recommendation with scientific 
data, in 2007, Karagiozis et al. explored the moisture risk prevention effects of vapor retarder 
choices in timber constructions of the zones by conducting massive heat and moisture 
(hygrothermal) transfer simulations [19]. The work of Karagiozis et al. presented quantitative 
analysis and documentation that present vapor retarder options for a selected number of wall 
systems depending on climatic zones in the U.S. Later, in 2015, the International Code Council 








Table 6. Vapor retarder code recommendations from International Residential Code 
Climate zone International Residential Code interior vapor retarder recommendations 
Marine 4 
Class I or Class II required; Class III permitted with:  
Vented cladding (over wood structural panels, fiberboard, or gypsum) or continuous insulation 
(U-value ≤ 2.27 W/m2 K over 0.05 m × 0.1 m wall or U-value ≤ 1.51 W/m2 K over 0.05 m × 
0.15 m wall) 
5 
Class I or Class II required; Class III permitted with: 
Vented cladding (over wood structural panels, fiberboard, or gypsum) or continuous insulation 
(U-value ≤ 1.14 W/m2 K over 0.05 m × 0.1 m wall or U-value ≤ 0.76 W/m2 K over 0.05 m × 
0.15 m wall)  
6 
Class I or Class II required; Class III permitted with: 
Vented cladding (over fiberboard or gypsum) or continuous insulation 
(U-value ≤ 0.76 W/m2 K over 0.05 m × 0.1 m wall or U-value ≤ 0.50 W/m2 K over 0.05 m × 
0.15 m wall) 
7 and 8 
Class I or Class II required; Class III permitted with: 
Continuous insulation 
(U-value ≤ 0.57 W/m2 K over 0.05 m × 0.1 m wall or U-value ≤ 0.38 W/m2 K over 0.05 m × 
0.15 m wall) 
Others Vapor retarders are not required 
 
Besides the vapor retarder design recommendation, several researchers have explored 
interstitial moisture risk throughout the building construction layers. Toman et al. compared the 
hygrothermal performance of a masonry house before and after renovating the building and adding 
vapor-resisting features [23]. Four years of the experimental data were utilized for moisture risk 
estimation, and the result showed that interstitial condensation was not observed during the whole 
experiment period.  Langmans et al. conducted short-term laboratory experiments to study the 
hygrothermal behavior of light-weight timber walls with an exterior vapor retarder [24]. The 
experiments' parameters included exterior vapor retarder, airtightness, moisture buffer capacity, 
vapor permeability, and thermal resistance. They found that using an exterior vapor retarder instead 




buoyancy-driven convection. Hansen et al. explored the differences in hygrothermal behavior 
depending on the masonry wall's position along with the building [25]. Each part's moisture risk 
was assessed by six months' worth of measured data with the VTT mold index model developed 
in [26]. Vereecken et al. adopted a probabilistic approach to estimate moisture risk for masonry 
construction with rigid insulation [27]. To determine the effect of the thickness of the insulation 
on vapor permeability, sets of rigid insulation with varied thicknesses were tested under stipulated 
vapor diffusion conditions. The results revealed that the moisture risk increased as the rigid 
insulation became thicker. Pasztory et al. compared hygrothermal performance and annual 
moisture risk between typical North American standard timber construction and the generally 
stricter European traditional timber construction [28]. Although the European standard timber 
constructions show better thermal performance than North American standard timber construction, 
buildings constructed under European standards can be more vulnerable to mold growth and fungal 
decay due to water deposits within the thicker rigid insulation layers. Chang et al. explored how 
moisture risk changed when cross-laminated timber (CLT) construction was added on top of the 
typical timber construction [29]. They conducted chamber tests to figure out the hygrothermal 
performance of CLT and for validation. The Lowest Isopleth for Mold (LIM) curve method 
introduced in [30] was adopted for moisture risk assessment. They concluded that when assuming 
CLT walls in Korean climatic conditions, the type of insulation material, hygrothermal 
performance, and climate conditions should be considered to reduce the interstitial moisture risk.  
To summarize, most interstitial moisture risk studies were conducted for at least a half-year 
period to reflect the effect of seasonal climatic condition changes on the interstitial moisture risks. 
Regardless of construction material (e.g., timber construction, masonry construction, etc.), vapor 




exterior side to prevent indoor-produced moisture from penetrating the insulation layer. Among 
several insulation types, rigid insulation and fiberglass insulation were tested the most frequently 
in the moisture risk studies; rigid insulations represent an insulation type with a low vapor 
permeability level, while fiberglass insulations represent insulation with a high vapor permeability 
level. In most cases, sheathing boundary layers (between sheathing material and insulation) show 
the highest risk of developing interstitial condensation across building wall layers regardless of 
the types and thickness of materials used. 
 
 
Figure 12. Dew point/temperature curve and saturation/partial vapor pressure curve in TABS 
 
2.3 Surface Condensation Prediction Models 
Since the 1930s, several studies have explored ways to predict heat and moisture 
(hygrothermal) transfer in building construction layers. Rodgers [31] was the first to study vapor 
pressure as a driving potential for moisture transfer. In the study, Rogers presented the vapor 
pressure curves method, which shows the relative partial vapor pressure level across building 




vapor diffusion models by adopting heat conduction principles. Vos and Coleman [34] further 
developed the models by testing the combined effect of vapor diffusion and capillary suction on 
moisture transfer. Künzel and Grosskinsky [35] identified air transport as an additional driving 
potential for moisture transfer. The Luikov model [36] and the Philip and de Vries model [37] are 
the most widely used hygrothermal transfer models; these adopt the temperature and the moisture 
content as driving potentials. However, taking the moisture content as the moisture transfer 
potential sometimes makes the models challenging because the moisture content level is not 
always continuous across the building construction layers [38]. Y. Liu et al. [39] proposed the 
constant relative humidity instead of the moisture content as the driving potential for moisture 
transfer to deal with this problem. With these modifications, the researchers have developed the 
hygrothermal transfer models in a way that incorporates the three hygrothermal pathways in 
building construction layers while simplifying the solution for the models by adopting continuous 
parameters. The results provided by the models predict short-term condensation with reasonable 
accuracy in building construction layers. 
 
Table 7. Summary of literature review in heat and moisture transfer models 
References Main findings 
Rodgers [31] Vapor pressure was studied as a driving potential for moisture transfer. The 
vapor pressure curves method was presented, which shows the relative partial 
vapor pressure level across building construction layers 
 
Rowley et al., [32,33] 
 
The theory of vapor diffusion models was refined by adopting the principles of 
heat conduction 
  
Vos and Coleman [34] 
 
 
Künzel and Grosskinsky [35] 
 
Luikov [36] and Philip and de Vries 
[37] 
 
Y. Liu et al. [39] 
By testing the combined effect of vapor diffusion and capillary suction on 
moisture transfer, the heat and moisture transfer models were further improved 
 
Identified air transport as an additional driving potential for moisture transfer 
 
The temperature and the moisture content were adopted as driving potentials 
for the heat and moisture transfer 
 





Despite their usefulness, these models are not directly applicable for controlling surface 
condensation for two reasons. First, a short-term condensation prediction from the model is 
inadequate for dealing with dynamic indoor conditions changes. Indoor conditions do not remain 
stable but fluctuate according to daily weather changes [40]. Because of this fluctuation in indoor 
situations, the probability of surface condensation sometimes can increase rapidly, which in turn 
can lead to a sudden occurrence of surface condensation, even though the model has calculated the 
ongoing probability. Second, the model's short-term condensation estimation can sometimes cause 
severe estimation errors for buildings with heavy construction materials like concrete. The 
hygrothermal transfer rate of building construction layers is delayed significantly due to the 
construction materials' high density and capacity; this time-delay can sometimes extend up to 
almost half a day. Because of unreliable condensation prediction caused by the slow and gradual 
hygrothermal transfer in heavy construction materials, direct application of these models can be 
insufficient for enabling a system to control the surface condensation.  
Therefore, given the daily fluctuation in indoor conditions and the time-delay in the 
hygrothermal response of heavy concrete materials, an estimation that anticipates the surface 
condensation at least one day ahead is required for effective surface condensation control. With a 
day-ahead assessment, both the indoor condition changes and the time-delay in the hygrothermal 
transfer can be considered together in advance, providing more accurate condensation prediction 






2.4. Control Methods for HVAC Systems 
When the following day's surface condensation prediction is provided, the control 
methods can determine control input (supply water temperature and flow rate) for the TABS that 
assures indoor thermal comfort and energy efficiency. Based on [41], several control method 
options are available for the controlled cooling system (Figure 13). 
 
 
Figure 13. Classification of control methods for HVAC systems 
 
Classical controllers consist of conventional control techniques, such as on/off control and 
P, PI, and PID control. The on/off controller uses an upper and lower threshold to govern the given 
threshold process. Although the on/off controller is the most straightforward approach to 
implement, it is unsuitable for dealing with time delays. The P, PI, and PID controllers use error 
penalization and regulate the control to achieve accurate control goals. The PID controller 




performance of the controller degrades if the operating conditions vary from the tuning conditions. 
Re-tuning or auto-tuning approaches for the PID controller [42] can be time-consuming. In certain 
applications, auto-tuning might be unacceptable because of its intrusive nature relative to normal 
operation [43]. Because of the high thermal inertia of TABS processes, a controlled process using 
an on/off controller or PID controller shows large fluctuation from the control threshold. Thus, 
despite their simplicity, both control methods are unsuitable for anticipatory condensation control 
because they use only current and previous states as the basis for system control [41]. 
On the other hand, soft control techniques, including fuzzy logic control and artificial 
neural network (ANN) control, are relatively new techniques that have been applicable after the 
advancement of digital controllers. In a fuzzy logic controller, control actions are implemented in 
the Boolean logic statements. The fuzzy logic can also be incorporated for the auto-tuning of PID 
controller gains where PID control represents the local control, and the fuzzy logic supervisor is 
often used to optimize the response of the system on the global scale. The fuzzy logic supervisor 
also acts as an arbiter and resolves conflicting objectives from the local level controllers by 
prioritizing certain controllers over others based on the common goals of reduction in energy and 
maintenance of thermal comfort. Alternatively, the fuzzy logic can be implemented on both the 
local and supervisory level of control.  
The ANN, on the other hand, is built based on the measured data sets with the training 
process and fits a nonlinear mathematical problem. The algorithm is a black box modeling 
technique that does not require an understanding of the phenomenon's underlying physics. 
However, ANN-based control requires massive training data sets covering a wide range of 




The implementation the fuzzy logic control requires comprehensive knowledge of the 
plant operation and its different states, whereas ANN-based control requires training data on a 
wide range of operating conditions, which may not be available for many systems. Additionally, 
industry is usually reluctant to adopt and use a black box approach.  
Hard controllers are based on a theory for control systems that consist of gain scheduling 
control, nonlinear control, robust control, optimal control, and model predictive control (MPC). In 
gain scheduling control, a nonlinear system is divided into many pieces of linear parts. For each 
of the linear functions, a linear PI or PID controller is adopted with different approaches. Self-
tuning PI or PID controllers are also presented in the literature to differentiate the controller gains 
based on the state of the process [44]. The control algorithm is derived from Lyapunov's stability 
theory, feedback linearization, and adaptive control for nonlinear controller design. The control 
algorithm is designed to deal with the nonlinear system while achieving the control objectives [45]. 
The purpose of robust control is to create a control algorithm that works under dynamic 
disturbances and changes within parameters [46]. The optimal control algorithm solves an 
optimization problem to satisfy a specific objective function. The systems' objectives are, in 
general, optimization between energy consumption reduction, control effort minimization, and 
thermal comfort satisfaction. 
The nonlinear control techniques are effective but require the identification of stable states 
and complex mathematical analysis for controller design. For gain scheduling control design, the 
identification of linear regions and design of switching logic between regions is necessary, and the 
manual tuning of multiple PID controllers in these regions can be quite cumbersome. Optimal 
control and robust control are promising techniques for HVAC process control because they are 




to guarantee in HVAC systems, which are subject to varying conditions in buildings. Many of 
these approaches also require the specification of additional parameters, which could be difficult 
and impractical for integration in HVAC systems. 
A promising approach for surface condensation control is model predictive control (MPC) 
among the rigid control approaches. In contrast to other controllers, MPC determines the input 
signal for the system not based on just the current states but also on the impact the actions will 
have on the future conditions (Figure 14). Because MPC considers both current states and future 
states, it is suitable for anticipatory surface condensation control capable of dealing with dynamic 



















2.5. Basics of Classical Model Predictive Control 
The classical objective function utilized by the MPC is given as [47]: 






where 𝑡𝑡𝑘𝑘 = control time-step, 𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠 = set point, 𝑦𝑦� = predicted output, 𝑢𝑢 = command effort,  
          𝑁𝑁𝑦𝑦 = the prediction horizon where the output error 𝑦𝑦� − 𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠 is minimized,  
          𝑁𝑁𝑢𝑢 = the control horizon where the command effort increment is minimized. 
          𝜔𝜔𝑦𝑦 = weighting factor for prediction error 
          𝜔𝜔𝑢𝑢 = weighting factor for command effort 
 
In classical MPC applications, a relatively short-term control horizon (< 1hour) is preferred 
to deal with dynamic changes in the systems [48]. However, the short-term control horizon is not 
suitable for the surface condensation control because hygrothermal transfer through the 
construction layers is much slower and gradual. Instead, a longer control horizon is essential to 
deal with both the time-delay in hygrothermal transfer and the indoor condition changes in advance. 
An initial application of the MPC started in the late 1970s in the process industries in 
chemical plants and oil refineries [49]. Since then, the MPC has been adopted in autoclave 
composite processing, wastewater treatment, automotive industry, etc. In autoclave composite 
processing, the MPC is assumed to define an optimal input to determine a bagging procedure and 
a cure cycle that assures a cost efficiency [50]. For the wastewater treatment process, input 
parameters of aeration rate, dilution rate, and recycled ratio are adjusted to achieve a specific 





Recently, MPC has been studied widely in the built environment because of significant 
time and cost reduction in the data processing. The majority of MPC research is primarily focused 
on HVAC system control [51-54], building thermal behavior predictions [55, 56], or indoor 
thermal comfort control [57-59]. However, to the best of the author's knowledge, there are few 
studies in which MPC was applied for controlling the surface condensation on building 
construction layers. 
 
2.6. Model Predictive Control for Surface Condensation 
 
 
Figure 15. The basic framework of model predictive Control for HVAC systems 
 
The basic framework of MPC for HVAC systems is shown in Figure 15. It is a closed-loop 
cycle consisting of a dynamic model and optimizer [60]. The dynamic model simulates several 
potential future states using adjustments in the control inputs. The best control input that minimizes 




the best control input is determined, it is fed back into the HVAC system operation. This process 
is repeated for every control horizon [16]. 
The MPC objective function that ensures thermal comfort with minimum cooling energy 
is [47]: 
  
minimize: 𝐽𝐽(𝑡𝑡𝑘𝑘) = ∑ 𝑢𝑢(𝑡𝑡𝑘𝑘 + 𝑖𝑖)
𝑁𝑁𝑢𝑢
𝑖𝑖=1                                           Objective function   (2) 
subject to: 0 ≤ 𝑢𝑢(𝑡𝑡𝑘𝑘 + 𝑖𝑖) ≤ 𝑢𝑢𝑚𝑚𝑠𝑠𝑚𝑚, 𝑖𝑖 = 1 …𝑁𝑁𝑢𝑢                Constraints 
𝑦𝑦�(𝑡𝑡𝑘𝑘 + 𝑖𝑖|𝑡𝑡𝑘𝑘) ≤ 𝑦𝑦𝑚𝑚𝑠𝑠𝑚𝑚(𝑡𝑡𝑘𝑘 + 𝑖𝑖),  𝑖𝑖 = 1 …𝑁𝑁𝑦𝑦 
 
where, 𝑡𝑡𝑘𝑘 = control time-steps, 𝑁𝑁𝑢𝑢 = the number of steps in the future horizon,  𝑢𝑢(𝑡𝑡) = 
system inputs, 𝑢𝑢𝑚𝑚𝑠𝑠𝑚𝑚 = the maximum cooling system input, 𝑦𝑦�(𝑡𝑡) = system outputs, and 𝑦𝑦𝑚𝑚𝑠𝑠𝑚𝑚(𝑡𝑡) = 
upper indoor temperature threshold for thermal comfort. 
After the dynamic model predicts several potential future states, MPC determines the best 
control scenario under the objective function and the constraints [62]. At every control time-step, 
the control problem for MPC is formulated and solved to meet the objective without violating the 
control horizon's restrictions. When the best control input is determined under the control horizon, 
the best control input is fed back into the system operation and moves forward to the next control 
time-step. 
 
2.7. Dynamic Modeling for Model Predictive Control 
A dynamic model that enables future state prediction is an essential part of MPC [60]. The 
dynamic models simulate several potential future states using adjustments in the control inputs, 




need to be done within a limited time frame, relatively fast and sturdy dynamic models are 
preferred in the MPC framework [47]. 
ASHRAE [6] classifies two major dynamic modeling approaches based on how the model 
has been built: a forward model and a data-driven model. The forward modeling approach, also 
known as the white box model (or theoretical model), is made based on the phenomenon's detailed 
physical knowledge. In contrast, the data-driven modeling approach is built based on the measured 
data. The data-driven modeling approach is useful when there are disturbances that are 
inexplicable with the white box model. The data-driven modeling approach is further classified 
into black box models and grey box models, depending on the degree of the physical knowledge 
that has been adopted for the modeling process. The black box models are built based on massively 
collected data and do not require any biological understanding of the phenomenon. 
On the other hand, the grey box models (or partial theoretical model) exploit advantages 
of both the white box model and the black box models, the sturdiness of white box models, and 
the black box models' speediness [63]. The grey box models (partial theoretical models) adopt a 
lumped parameter approach (e.g., Resistance-Capacitance model) as the models' main structure. 
Unknown parameter values in the model are found in the model calibration method, like curve 











Table 8. Comparison of dynamic modeling approaches for MPC 
 Theoretical model 
(white box model) 
Data-driven model 
(black box model) 
Partial theoretical model 








No Numerous Partly 
Calibration 
process Lengthy Very fast Fast 
Flexibility Less flexible to non-existing knowledge Flexible to uncertainties 
Can be improve by model 
calibration process 
 
2.7.1 Theoretical Model (White Box Model) 
The theoretical models are built based on the detailed physical knowledge of the 
phenomenon. Because the theoretical models are created based on a physical numerical correlation 
between various physical interactions, the building scientists and engineers consider the theoretical 
models to be the most reliable dynamic modeling approach. However, when some disturbances or 
noises are inexplicable with the physical knowledge, the accuracy of the theoretical model's results 
will suffer significantly. Furthermore, the theoretical model's lengthy calculation time makes it an 
unsuitable dynamic model type for the MPC.  
 
2.7.2 Data-driven Model (Black Box Model) 
The data-driven models can help to solve more complicated problems without knowing 
any physical background of the phenomenon. The data-driven models have been built based on 
the pairs of inputs and outputs of gathered data. When these data are put into the learning algorithm, 




However, the prediction accuracy of the data-driven model highly depends on the quantity and 
quality of the collected data.  
There are several data-driven modeling approaches available for MPC framework 
development. A K-nearest neighbor (KNN) algorithm is suitable when you only have small data 
sets. It is easy to understand, fast, and showing a good performance without adjustments. However, 
the KNN does not perform well on the data with too many features. For data sets with many 
features, a linear model can be a solution. The linear model is high-speed for training the dynamic 
model. However, it is often unclear why coefficients are the way they are, and hard to interpret the 
coefficients. Decision trees are a widely used data-driven modeling approach. 
They learn a hierarchy of the Boolean logic questions, and the decision is made based on 
the system's learning. The decision tree can easily visualize how they derive the prediction, and 
the algorithms are entirely invariant for scaling the data. However, they tend to over-fit and provide 
poor generalization performance. A random forest is ensembles of decision trees, where each tree 
is slightly different from the others. The main drawback of decision trees is that they tend to over-
fit the training data. If we build many trees, all of which work well and over-fit in different ways, 
we can reduce the amount of overfitting by averaging their results. A support vector machine is a 
robust algorithm for medium-sized data sets of features with similar meaning. However, this 
approach requires scaling of data, and the performance is sensitive to parameters. An artificial 
neural network (ANN) is an algorithm that is inspired by the biological neural network. They 
mimic a human neuron system's learning ability. The networks adjust the weighting factors among 
the neurons to find correlations between input and output data sets from measured data. ANN can 
build very complex models, particularly for large data sets. Because the ANN is trained with 




Numerous studies adopted the data-driven models as their primary dynamic modeling 
approach to predict indoor condition change. X. Xu et al., [64] developed a novel method to 
measure an evaporator's inlet humidity based on dry-bulb temperatures using the artificial neural 
network model (ANN) way helped to simplify and accelerate the complex derivation process. 
When compared to experimental results, the prediction errors were less than 5%. L. Mba et al. [65] 
applied the ANN for an advanced hourly prediction of indoor air temperature and relative humidity 
in buildings. The measured data from the hollow block experiments were used to construct and 
validate the ANN model. M. Taki et al. [66] compared the ANN model with the white box model 
to predict heat transfer accuracy through building envelopes. The results reveal that the ANN 
method is more accurate in predicting heat transfer in building envelopes than the white box model. 
H. Huang et al. [67] presented an ANN-based system identification method to model multi-zone 
buildings. The proposed model dealt with cooling, ventilation, dynamic weather change, and the 
convective heat transfer coefficient. The temperature measurements reveal that the proposed ANN 
model reflects the heat transfer behavior along the zones well, therefore achieving more accurate 
predictions than a single-zone model. 
The data-driven models can further be utilized for predicting the energy demand of 
buildings. Y. T. Chae et al. [68] presented a data-driven forecasting model for day-ahead electricity 
usage of facilities. The model was built based on the ANN model with Bayesian regularization 
algorithm. The results demonstrate that the proposed model with adaptive training approaches can 
predict the energy consumption with 15 minutes time intervals and the daily peak energy usage 
well in a tested building. C. Deb et al. [69] presented a methodology to forecast diurnal cooling 




train and predict the next day's energy consumption based on five previous days' data with 
reasonable accuracy. 
Advance in central processor led the data-driven models to be applicable in building 
system operations. J. W. Moon et al. [70] proposed an ANN-based thermal control method for 
double skin facade buildings. Considering the predicted future indoor air temperature, the control 
logic predetermines the double-skin façade system's operation action. G. Ge et al. [71] utilized the 
ANN model to predict condensation risk and the optimal pre-dehumidification time in chilled 
ceiling systems. Two ANN models were developed to predict the temperature on the surface of 
the chilled ceiling and indoor air dewpoint temperature at the startup moment to evaluate 
condensation risk. V. Congradac et al. [72] presented chillers operation optimization using the 
ANN and genetic algorithms. The ANN model was trained and validated with collected data from 
the actual chiller operation. Based on the results, the ANN model contributes to the electricity 
savings by 2% during summer days and up to 13% during the transition period. 
In summary, the majority of studies in data-driven models utilized the Artificial Neural 
Network (ANN) approach as their primary learning algorithm. However, it should be noted that 
the accuracy of the data-driven models, including the ANN model, highly depends on the number 
and quality of collected data.  
 
2.7.3 Partial Theoretical Model (Grey Box Model) 
The grey box models (or partial theoretical models) are an alternative to the white box and 
the black box models. The partial theoretical models take advantage of both the sturdiness of white 
box models and the flexibility of black box models [63]. The partial theoretical models are built 




theoretically. Unknown parameter values are then found with the model calibration method, such 
as curve fitting. As presumed parameter values of the partial theoretical models reach actual 
parameter values, the model's prediction accuracy will increase. 
The partial theoretical models offer relatively fast and robust calculations for predicting 
indoor condition change. Ion Hazyuk et al. [73] proposed a partial theoretical dynamic modeling 
approach consists of two stages: first, physical knowledge is used to determine the structure of a 
low-order model, then least squares identification method is adopted to find the parameter values. 
This approach allows the model to acquire desired input parameters and to eliminate disturbance 
sources. Thomas Berthou et al. [74] utilized a comparative design approach to find the best model 
structure and a suitable methodology for improving the partial theoretical models' prediction 
accuracy. Different forms for the partial theoretical models are compared in predicting indoor 
thermal behavior. B. Lehmann et al. [75] presented a resistance-capacitance (RC) building 
modeling approach adjusted for MPC. The model was found to show accurate results. Also, the 
proposed modeling approach can be flexibly restructured to represent various building types and 
active systems.  
Moreover, the partial theoretical models can be utilized for optimizing energy usage in 
buildings. H. Burak Gunay et al., [76] explored the uncertainty introduced by an occupant's 
behavior. This effect was calculated using the lumped RC model. Results indicate that modest yet 
robust to occupant behavior, energy savings can be achieved by limiting the prediction time 
horizon to one hour in zone level MPC implementations. Choice of this prediction time horizon 
also eliminated the need for importing weather forecasts. Y. Zhao et al., [77] proposed a model 
predictive control (MPC)-based strategy using nonlinear programming (NLP) algorithm to 




that the proposed optimal scheduling strategy can significantly reduce carbon dioxide emission, 
primary energy consumptions, and operation cost. M. Schmelas et al. [78] presented a novel 
predictive method based on multiple linear regression (MLR), including a lumped RC model for 
TABS control. With the proposed method, no parameterization of curves is necessary, thanks to 
the self-learning process. The proposed predictive control strategy can save a pump-running time 
of up to 81% while increasing thermal comfort. R. De Coninck et al., [79] presented a model 
predictive control (MPC) applied in a medium-sized office building in Brussels, Belgium. The 
lumped RC model was used for building the MPC framework. The results show that the model 
predictive controller can provide a similar or better thermal comfort than the rule-based controller 
while reducing the energy costs by more than 30%. 
In summary, it should be noted that the reduced-order RC models are the basic structure 
for the partial theoretical models. The key to success in the partial theoretical models depends on 
defining the calculations' required parameter values. The RC models need to be calibrated with the 
measured data; the most suitable parameter values are then derived from the calibrated results. 
According to the literature review on the dynamic modeling approach, either data-driven 
models or partial theoretical models are mainly utilized to build dynamic modeling of MPC. The 
data-driven models are favorable when too complex physical phenomenon needs to be modeled or 
when disturbances are dominant in the prediction problems. Although the data-driven modeling 
approach can deal with both situations, massive data are essential to building a reliable model. On 
the other hand, the partial theoretical models are preferred when the lumped parameter models can 
predict general trends but need a model calibration with some measure data. The main advantage 
of the partial theoretical models is that they do not require massive data sets for model calibration. 




because the basic structure of the partial theoretical model is broadly equivalent to that of the 
theoretical model.  
 
2.8. Long-term Model Predictive Control 
Depending on the length of the control horizon, MPC can be classified into short-term (0-
1hour), mid-term (1hour-24hours), and long-term (24hours-) MPC [48]. As addressed in Section 
2.3, most of classical MPC-related research is classified into short-term MPC with a shorter control 
horizon than an hour.  
However, when it comes to the surface condensation control problem of the TABS, the 
short-term MPC cannot be utilized because the heat and moisture transfer rate of the building 
construction layers is delayed significantly due to the high density and capacity of the construction 
materials. Considering this slow and gradual hygrothermal response of the heavy concrete 
materials of the TABS, a relatively longer time-step and control horizon (compared to the short-
term time-step and control horizon of the classical MPC) is essential to control surface 
condensation when the TABS is in operation.  
 




Thus, instead of utilizing the classical MPC that adopts short-term control time-steps, a 
long-term MPC framework is suitable for the surface condensation control problem. The more 
extended control time-steps for the MPC will allow the system to optimally operate the TABS 
without developing the surface condensation and causing too much fatigue. By controlling the 
potential risk of surface condensation development while the TABS is in operation, the operable 
periods of the TABS can be extended, which leads to the extended use of the TABS to an area in 
which climate conditions had made them infeasible.  
 
Figure 17. Surface condensation control with long-term MPC 
 
Based on the above literature review, a model predictive control is one of the most 
promising approaches to deal with slow and gradual heat and moisture transfer through building 
construction layers which in turn leads to accurately predict and prevent the risk of developing the 
surface condensation on the TABS. A dynamic model which helps to predict future state is an 
essential part of MPC and three types of dynamic modeling approaches were identified. Among 
them, the partial theoretical modeling approach is most preferrable because this approach does not 




Furthermore, regarding the length of control time horizon for the MPC, a relatively longer time-








CHAPTER 3. Research Purpose 
 
To address above mentioned research problems and gaps, this dissertation study presents 
a novel MPC-based surface condensation prevention framework that permits extended use of the 
TABS operation even in warm and humid climate regions. The proposed MPC framework will 
thus achieve cooling energy savings by extending the operable periods for the TABS. 
The dissertation’s outline is as follows (Figure 18): in Chapter 4, the methodology of 
developing the MPC-based surface condensation prevention framework is addressed. In Chapter 
5, the results from the calibrated dynamic model are discussed. Then, the MPC-based surface 
condensation prevention framework is developed using this calibrated dynamic model. Moreover, 
the applicability and the cooling energy savings potential of the MPC-based surface condensation 







Figure 18. Outline of the dissertation 
 
3.1. Research Question 
This study will explore the following research questions: 
1) How much can energy savings be achieved with TABS operation governed by the 
proposed MPC framework? 
2) How accurate is the proposed MPC framework in preventing surface condensation 
when the TABS is in operation? 
3) How well does the proposed MPC framework maintain the thermal satisfaction of 
occupants? 
4) How can the proposed MPC framework broaden the TABS application even in warm 
and humid climate regions, especially in the US? 
5) How does the broadened TABS application contribute to design practice in warm and 




3.2. Research Importance 
Regardless of the dynamic modeling approach, the proposed MPC-based surface 
condensation prevention framework is expected to reduce the surface condensation occurrence 
risk even when the TABS is in operation under warm and humid climate regions. Thus, the 
proposed MPC framework will achieve cooling energy savings by extending the operable periods 
for the TABS.  
Because the MPC framework will continually control the surface condensation when the 
TABS is in operation, the potential damage to the building construction layers like corrosion of 
the building fabric or deterioration of insulation can be avoided. With the avoidance of injuries in 
building envelopes, a repair cycle for each building construction layer will be extended, leading to 
the overall maintenance cost savings for building material. 
Also, condensation-driven health problems like allergic rhinitis can be avoided by 
continuous surface condensation control by the MPC framework. The mold starts to grow in the 
building construction layers if condensation remains more than 24 hours under the 25°C condition 
[18]. With the one day ahead surface condensation prediction by the MPC framework, the potential 
risk of failing to detect surface condensation can be eliminated, contributing to complete avoidance 
of mold growth in building construction layers. 
The proposed MPC-based surface condensation prevention framework will broaden the 
use of the TABS even in warm and humid climate regions. Based on the global radiant heating 
and cooling systems market reports, analysts forecast the global market for radiant cooling systems, 
including TABS, to grow at a compound annual growth rate of 7.14%, contributing to 1.63 billion 




TABS, the proposed MPC framework can enhance TABS applicability even in the humid area by 
controlling the potential risk of surface condensation development. 
Furthermore, the broadened TABS application in warm and humid climate regions will 
allow more freedom in architectural design practice. As discussed in Section 1.2., many architects 
could have preserved the buildings’ integrity or have maintained their initial design ideas thanks 
to the TABS. Without the TABS, Crown Hall’s HVAC distribution system would have been 
exposed to the indoor space, which may not be a delightful situation for architectural aesthetic 
integrity. 
In the following section, a step-by-step process of developing the MPC-based surface 





CHAPTER 4. Methodology 
 
An MPC-based surface condensation prevention framework was developed in the 
following order. First, the heat and moisture transfer dynamic model was built. Second, the 
progress of the surface condensation development on concrete material was tested in a chamber. 
Third, the hygrothermal transfer model was calibrated with the measured data and uncertain 
parameter values were derived from the calibrated model. Fourth, the MPC-based surface 
condensation prevention framework was developed based on the calibrated hygrothermal transfer 
model.  
As shown in Figure 19, the proposed MPC-based surface condensation prevention 
framework will provide the right surface cooling temperature input for the TABS operation that 
maintains indoor thermal comfort and energy efficiency without developing the surface 
condensation even in warm and humid climate regions.  
 
 





After developing the MPC-based surface condensation prevention framework, the 
performances of preventing surface condensation while the TABS operation was estimated for 
each climatic site in the United States.  
4.1. Dynamic Modeling with the Partial Theoretical Model  
One of the main challenges in developing dynamic models is to find a suitable model type 
for a given MPC problem [79]. These models need to be accurate enough to achieve satisfactory 
hygrothermal behavior predictions. Simultaneously, the models need to be concise so that the MPC 
framework can test and run numerous potential control scenarios within a limited control horizon 
[80]. Thus, the partial theoretical model approach was adopted for the MPC framework 
development. The TABS performance governed by the process will be estimated in terms of 
condensation prevention, energy savings potential, maintaining thermal comfort, and calculation 
time. 
For the partial theoretical modeling approach, two models need to be developed for surface 
condensation prediction: dynamic modeling of construction layers and buildings’ dynamic 
modeling. The surface temperature was calculated with the heat transfer model, and the humidity 
level was calculated with the moisture transfer model. Coupling the heat transfer model and the 
moisture transfer model enables the surface condensation prediction. 
 
4.1.1. Dynamic Modeling of Heat and Moisture Transfer in Building Construction 
Fourier’s law is a basis for the heat transfer model, while Fick’s law and Darcy’s Law are 
used for the moisture transfer model and liquid flow model, respectively [81].  








where ?̇?𝑞 is the heat flux, 𝑘𝑘 is the thermal conductivity of the material, 𝑇𝑇 is temperature, and 
𝑥𝑥 is the length of material.  
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where 𝑚𝑚𝑠𝑠̇  is the mass flux for liquid water, 𝐾𝐾 is the hydraulic conductivity, and 𝑃𝑃𝑠𝑠 is the 
capillary pressure. 
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Because there is no energy generation in the system, the significant energy flows are heat 
conductivity and enthalpy flow via liquid water transfer and vapor transfer. Thus, the mass and 




















Eq. (6) and Eq. (7) are the governing equations; they need to be solved to predict heat and 
moisture transfer in building construction layers. For a numerical solution, vapor diffusion and 


























        (8. 𝑏𝑏) 
 














� = 𝜌𝜌�𝐶𝐶𝑝𝑝,𝑑𝑑 + 𝑤𝑤𝐶𝐶𝑝𝑝,𝑠𝑠�
∂𝑇𝑇
∂𝑡𝑡
  (8.𝑑𝑑) 
 
The last step for dynamic modeling of building construction layers is identifying a 
correlation between the surface temperature of the concrete layer and supply water temperature 
for the TABS. The surface temperature for concrete materials can be calculated from a supply 
water temperature using equations 8 and 9 [82]. When the thickness of the slab is two 𝐿𝐿, and its 
initial temperature of 𝑇𝑇1  is cooled with the fluid temperature of 𝑇𝑇∞ , a numerical solution is 
available for the temperature 𝑇𝑇 at a location and time 𝑡𝑡 [82]. 
 














𝑖𝑖 = 𝑥𝑥/𝐿𝐿, 𝑥𝑥 = a distance from the midplane of the slab of thickness 2𝐿𝐿 cooled on both sides, 
𝑏𝑏1, 𝑐𝑐1 = the coefficients that are functions of the Biot number, 𝐹𝐹𝑜𝑜 = 𝑎𝑎𝑡𝑡/𝐿𝐿2, 𝑎𝑎 = 𝑘𝑘/𝜌𝜌𝐶𝐶𝑝𝑝 
 
𝑠𝑠(𝑏𝑏1𝑖𝑖) = cos(𝑏𝑏1𝑖𝑖)          𝑐𝑐1 =
4 sin(𝑏𝑏1)
2𝑏𝑏1 +  sin(2𝑏𝑏1)
                  (10) 
 
Therefore, if we set 𝑥𝑥 = 𝐿𝐿 and 𝑇𝑇 =𝑇𝑇𝑠𝑠𝑠𝑠 , we can calculate the surface temperature of the 
TABS concerning the fluid temperature. In our study, the above dynamic modeling of building 
construction layers was developed using the MATLAB.  
 
4.1.2. Dynamic Modeling of Buildings 
Besides the hygrothermal dynamic modeling of building construction layers, the heat and 
moisture transfer between outdoor and indoor spaces was modeled to obtain indoor conditions. 
The heat transfer caused by moisture transport in the wall is far smaller than the heat transfer 
caused by temperature differences. These terms involving the humidity ratio were neglected. Thus, 
the general governing equation to describe the energy stored in moist air within the room was 
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where 𝜌𝜌 , 𝑉𝑉 , 𝐶𝐶𝑝𝑝 , 𝑇𝑇 , ℎ𝑐𝑐 , 𝐴𝐴 , ?̇?𝑚 , and ?̇?𝑄 are density, volume, specific heat, temperature, heat 
transfer coefficient, area, mass flow rate, and internal heat source, respectively. The subscripts in, 
and o refer to the indoor and outdoor. The internal heat source, ?̇?𝑄, is the sum of all the internal heat 
gains, including heat from occupants, electrical appliances, and cooling effect from the TABS.  
For moisture transport in indoor air, the transient humidity ratio of room air is balanced 
by the moisture transport from indoor latent loads, moisture convection between the room air and 
wall surfaces, moisture exchange through airflows between multi-zones, and moisture transfer due 
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where 𝐶𝐶𝑚𝑚 is the humidity capacity multiplier, commonly taking the value of 1 [84], ?̇?𝐿𝑖𝑖𝑖𝑖 is 
internal moisture source, and ℎ𝑚𝑚 is the convective moisture coefficient, respectively. 







                                  (13) 
 
where 𝑃𝑃𝑣𝑣,𝑠𝑠𝑠𝑠𝑠𝑠 is the saturated vapor pressure, and the saturated humidity ratio, 𝑤𝑤𝑠𝑠,𝑠𝑠𝑠𝑠𝑠𝑠, is a 
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In summary, Equations (11) and (14) provide the heat and moisture transfer relationships 







4.1.3. Solar Heat Flux 
 Using the dynamic models in Section 4.1.1 and 4.1.2, indoor hygrothermal condition 
changes can be predicted in relation to weather forecast data. However, besides heat and moisture 
flux calculated by the dynamic models in Section 4.1.1 and 4.1.2, solar heat flux through the 
building envelope has a significant impact on indoor condition change, thus for the indoor thermal 
comfort. Therefore, solar heat flux estimation should be incorporated for more accurate dynamic 
modeling. According to I. Hazyuk et al., [71], to estimate solar heat flux, Φ𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠, the radiation on 
each façade should be determined in relation to the corresponding surface area and add all the 
estimation for each façade. Considering an isotropic model of the sky, the solar radiation on a tilted 
surface is calculated by [85] 
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 where the ground albedo 𝜌𝜌𝑔𝑔 is generally 0.2 and the ratio of beam radiation on a tilted 
surface to that on a horizontal surface is calculated by 
 
                                                                   𝑅𝑅𝑏𝑏𝑠𝑠𝑠𝑠𝑚𝑚 =
cos(𝛼𝛼𝑇𝑇)
cos(𝛼𝛼)
                                                             (16) 
  
the angles 𝛼𝛼𝑇𝑇 and 𝛼𝛼 are the incidence angles of the beam radiation on the tilted surfaces 
and the horizontal surface respectively, which can be estimated by 
 
cos(𝛼𝛼) = sin(𝛿𝛿) sin(𝜙𝜙) + cos(𝛿𝛿) cos(𝜙𝜙) cos(𝜃𝜃) 
cos(𝛼𝛼𝑇𝑇) = sin(𝛿𝛿) sin(𝜙𝜙) cos(𝛽𝛽) − sin(𝛿𝛿) cos(𝜙𝜙) sin(𝛽𝛽) cos(𝛾𝛾)
+ cos(𝛿𝛿) cos(𝜙𝜙) cos(𝛽𝛽) cos(𝜃𝜃) + cos(𝛿𝛿) sin(𝜙𝜙) sin(𝛽𝛽) cos(𝛾𝛾) cos(𝜃𝜃)
+ cos(𝛿𝛿) sin(𝛽𝛽) sin(𝛾𝛾) sin(𝜃𝜃)                                                                     (17) 
  
with  
𝛿𝛿 = 23.45 sin(
360(284 + 𝑖𝑖)
365
) − solar declination in the nth day of the year 
𝜙𝜙 − geographical latitude of the location where the building is      
𝛾𝛾 − azimuth angle of the surface, zero for south, negative for west, positve for east 
𝜃𝜃 = 15(t − 12) − solar hour angle at the moment t 





 Assuming that all facades are perpendicular to the horizontal plane, the incidence angle of 
beam radiation on the façade wall is 
 
cos(𝛼𝛼𝑇𝑇) = − sin(𝛿𝛿) cos(𝜙𝜙) cos(𝛾𝛾) + cos(𝛿𝛿) sin(𝜙𝜙) cos(𝛾𝛾) cos(𝜃𝜃) + cos(𝛿𝛿) sin(𝛾𝛾) sin(𝜃𝜃) 
            (18) 
 and total solar radiation on a wall is 
 






                                   (19)   
 
 After solar radiation on each façade is estimated, total solar heat flux on building façade 
can be estimated by 
 
                                                                    Φ𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠 = �𝐼𝐼𝑇𝑇𝑖𝑖𝑆𝑆𝑖𝑖
𝑖𝑖
𝑖𝑖=1
                                                               (20) 
 
 When there is fenestration on each façade, windows to wall ratio and solar heat gain 








4.2. Experimental Setup and Instrumentation 
A series of experiments were conducted in a test chamber (Figure 21-a) to measure the 
surface condensation’s progress on concrete material. As shown in Figure 21-a, the space in the 
chamber was vertically divided into an upper space (2m×2m×1m) and a lower room (2m×2m×1m); 
a test concrete sample (area: 350mm×470mm, thickness: 25mm) was installed in between the two 
spaces.  
Based on Friembichler et al., [86], the surface temperature needs to be within the 15 °C - 
22 °C range to generate the desirable indoor condition with radiant cooling systems. On the other 
hand, Pfafferott et al., [87] recommend creating a surface temperature higher than 18 °C to provide 
indoor thermal comfort. Therefore, 15 °C and 18 °C are chosen as the surface temperature settings 
for the experiments. For the indoor relative humidity settings, 65 % and 80 % levels are selected 
for the experiments. 
Thus, in the upper space, the relative humidity level is kept constant using a dehumidifier 
and cold air (13°C - 16°C) is supplied from a cooling unit to produce the ceiling surface 
temperature range (15°C - 18°C) of the TABS. In the lower space, the indoor relative humidity is 
kept at a relatively high level (65% - 80%) to generate the surface condensation intentionally. The 
air temperature in the lower space is always remained at 25 °C to provide a generally accepted 



































Figure 22. Measuring equipment setting 
 
 






Indoor air relative humidity 
(𝜑𝜑𝑖𝑖𝑖𝑖) 
[%] 
Indoor air temperature  
(𝑇𝑇𝑖𝑖𝑖𝑖) 
[°C] 
A 15 80 25 
B 18 80 25 
C 15 65 25 





Under the four different temperature and relative humidity settings (Table 9), a concrete 
material was tested. Surface temperature and relative humidity change of the concrete sample were 
measured at 10-minute intervals. Each test was continued until the surface condensation occurred. 
Figure 21-a shows the chamber’s experimental equipment setting, and Figure 21-b shows 
measuring points inside the chamber. K-type wire thermocouple sensors (accuracy of ±2°C) were 
used for temperature measurement, and HIH-4000 sensors (accuracy of ±3.5%) were used for 
relative humidity measurement. K-type wire thermocouple sensors were always calibrated with 
ice water before being placed on the measuring points. Both temperature and relative humidity 
measurement data were validated with the Michell Instruments PCMini52 humidity mini probes 
(accuracy of relative humidity: ±2.0% / temperature: ±0.2°C). 
As a result of these choices shown in Table 9, the cold air (13°C or 16°C) was supplied 
continuously from a cooling unit to produce the ceiling surface temperature (15°C or 18°C) of the 
TABS. In the lower space, the indoor relative humidity was kept at a relatively high level (65% or 
80%) to intentionally generate the surface condensation. The air temperature in the lower space 
was always remained at 25°C to provide a generally accepted indoor air temperature condition 
with TABS operation.  
A condensation sensor (HDS10) was installed adjacent to the relative humidity sensor to 
verify the actual surface condensation occurrence. Figure 23-a shows the initial test results of 
surface relative humidity change. The indoor air temperature was maintained at 25°C and the 
relative humidity level was kept at 80%. Then, starting from a surface temperature of 15°C, the 
cooling unit was intentionally turned on/off to mimic the TABS operation under humid conditions. 
As shown in Figure 23-a, the surface relative humidity level increases as surface temperature drops 




approximately 70 minutes after dropping the surface temperature to 15°C. However, based on the 
condensation sensor (HDS10), actual condensation occurred after 80 minutes. 
Initial test results reveal a specific time gap between the indication of surface condensation 
shown by the humidity sensor and the condensation sensor. As demonstrated by G.P. Vasilyev et 
al. [90], the surface condensation development is governed by the moisture content (𝑤𝑤[%]) and 
the maximum hygroscopic moisture content of a given material rather than by the relative humidity 
level. Therefore, volumetric moisture contents (Figure 23-c) were further plotted using the 
correlation between the volumetric moisture content and the concrete material’s relative humidity 
levels [90]. As shown in Figure 23-c, the actual condensation (80 minutes after dropping the 
surface temperature to 15°C) matches the time when the volumetric moisture content reaches the 
maximum hygroscopic moisture content of approximately 1.40%. These initial test results 
demonstrate that the surface condensation occurs only after the volumetric moisture content 




Figure 23-a. Initial test results: surface relative humidity, 𝜑𝜑𝑠𝑠𝑠𝑠 
 
Figure 23-b. Initial test results: surface temperature, 𝑇𝑇𝑠𝑠𝑠𝑠 
 
Figure 23-c. Initial test results: volumetric moisture content, 𝑤𝑤 
 
Thus, for the current condensation prediction model, the volumetric moisture content was 
chosen as an indicator for surface condensation development. When the moisture content is 
adopted as the condensation indicator, the moisture diffusion process can be considered both past 






















































































4.3. Model Calibration Using a Curve-fitting Process  
Although the volumetric moisture content is chosen as an indicator for surface 
condensation development, validation in relative humidity prediction is still essential because the 
volumetric moisture content level is computed from the surface relative humidity levels. When a 
gap exists between the dynamic model results and the measurement, severe errors can occur in the 
surface condensation prediction. This discrepancy can arise from uncertain physical property 
values of building materials (e.g., heat conductivity, specific heat capacity, vapor permeability, 
etc.) or an inappropriate convective heat transfer coefficient [91]. Thus, reliable physical property 
values and the convective heat transfer coefficient need to be identified with a model calibration 
approach. 
For the current study, a curve-fitting process was utilized as the model calibration method. 
The goal of the curve-fitting process was to find a simulated curve that best fit the measured data. 
The physical property values and the convective heat transfer coefficient in the dynamic model 
were adjusted to minimize the difference between the simulated data and the measured data. This 
best-fit curve searching process was iterated until the gap between the simulated data and the 
measured data falls to an acceptable error. When the best fit curve was found, the most feasible 
physical property values and heat transfer coefficient were derived from the curve. 
Table 10 shows the physical parameters to be adjusted with the curve-fitting process. A 
total of five physical parameters were selected: the heat conductivity, the density, the specific heat 
capacity, the vapor permeability, and the convective heat transfer coefficient. The range of each 
physical parameter was chosen from the references [90, 92]. However, the literature provides 
different recommendations for the convective heat transfer coefficient; the uniform, a range of 2.5-




you want to pick the values from each physical parameter value range randomly; testing all 
possible combinations will take too much time and effort.  
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The combinations for physical parameters were chosen deliberately rather than randomly 
to save time searching for the most possible physical property values and the convective heat 
transfer coefficient. An optimization solver narrows the number of combinations by adopting a 
specific algorithm. In this study, a genetic algorithm, which takes the principle of evolution by 
natural selection [96], was utilized as the optimization solver. With the genetic algorithm, the 
number of combinations to be tested was reduced rapidly, which led to significant time savings in 
the curve-fitting process. The current curve-fitting process’s fitness function was the mean squared 
error (MSE) between the simulated relative humidity data and the measured comparable humidity 
data. A smaller MSE indicated a better fit of the data.  
Four curves under each test condition setting (Table 9) were fitted at once to obtain reliable 
physical property values of the concrete material and the convective heat transfer coefficient from 
the experimental settings. When the overall MSE between simulated data and measured data fell 
to the acceptable range, we presume that the physical parameter values and the convective heat 




4.4. An MPC-based Surface Condensation Prevention Framework Development 
When the dynamic model predicts the future state, the MPC framework determines 
whether the control input is appropriate or not for the system operation. An objective function and 
constraints are the criteria for evaluating the suitable control input. These criteria need to be 
established for the MPC-based framework. A goal of the current MPC framework is to provide 
thermal comfort for occupant with minimum energy input. To simplify the MPC design, the surface 
temperature for the TABS was used for the cooling energy input parameter. For the thermal comfort 
parameter, operative temperature which consider both air temperature and mean radiant 
temperature, was used to accurately reflect the surface radiant cooling effect from the TABS.  
Below are the objective function and regulations that are set for the MPC-based TABS 
operation: 
 
minimize: cooling energy input for TABS (𝑇𝑇𝑠𝑠𝑠𝑠)  
  gap between setpoint and current operative temperature (𝑇𝑇𝑜𝑜𝑝𝑝)         (21) 
subject to: prevent surface condensation (𝑤𝑤 <  𝑤𝑤𝑚𝑚𝑠𝑠𝑚𝑚) 
                       a threshold of cooling energy input for TABS (𝑇𝑇𝑠𝑠𝑠𝑠,𝑚𝑚𝑖𝑖𝑖𝑖 <  𝑇𝑇𝑠𝑠𝑠𝑠) 
 
Here we define both minimizing the cooling energy input for TABS (𝑇𝑇𝑠𝑠𝑠𝑠) and minimizing 
a gap between setpoint (𝑇𝑇𝑜𝑜𝑝𝑝 = 26°C) and current operative temperature (𝑇𝑇𝑜𝑜𝑝𝑝 ) as the objective 
function; the volumetric moisture content (𝑤𝑤) of the concrete construction layers less than the 
maximum hygroscopic level (𝑤𝑤𝑚𝑚𝑠𝑠𝑚𝑚 ) is set as the first constraint to prevent the surface 
condensation; maximum cooling energy input for the TABS (𝑇𝑇𝑠𝑠𝑠𝑠,𝑚𝑚𝑖𝑖𝑖𝑖= 15°C) is set as the second 




ten times higher weighting factor than minimizing the cooling energy input for TABS (𝑇𝑇𝑠𝑠𝑠𝑠) because 
indoor thermal comfort should not be compromised to reduce cooling energy. When the volumetric 
moisture content is predicted to exceed the maximum hygroscopic moisture content, the MPC 
framework will increase the surface temperature of the TABS or turn off the TABS to avoid surface 
condensation.  
The operative temperature of 26°C is set as the setpoint to ensure the thermal comfort 
level. Numerically, the operative temperature can be computed from [4]: 
 
𝑇𝑇𝑜𝑜𝑝𝑝 =  
ℎ𝑠𝑠𝑇𝑇𝑚𝑚𝑠𝑠 +  ℎ𝑐𝑐𝑇𝑇𝑖𝑖𝑖𝑖
ℎ𝑠𝑠 + ℎ𝑐𝑐
   (22) 
where, 𝑇𝑇𝑜𝑜𝑝𝑝 = operative temperature, ℎ𝑠𝑠 = radiant heat transfer coefficient, 𝑇𝑇𝑚𝑚𝑠𝑠 = mean 
radiant temperature, ℎ𝑐𝑐 = convective heat transfer coefficient, and 𝑇𝑇𝑖𝑖𝑖𝑖 = indoor air temperature. 
Based on Equation (22), operative temperature 𝑇𝑇𝑜𝑜𝑝𝑝 can be defined as the average of the mean 
radiant temperatures and indoor air temperatures, weighted by their respective heat transfer 
coefficient [4]. In most conditions where the indoor air velocity is less than 0.2 m/s and the 
difference between mean radiant temperature and indoor air temperature is relatively small, the 
operative temperature can be simplified to [4]:  
𝑇𝑇𝑜𝑜𝑝𝑝 =  0.5 𝑇𝑇𝑖𝑖𝑖𝑖 + 0.5 𝑇𝑇𝑚𝑚𝑠𝑠   (23)  
 
In this study, above Eq. (23) was utilized to calculate operative temperature. While 𝑇𝑇𝑖𝑖𝑖𝑖 can 
be derived from the dynamic model of buildings, 𝑇𝑇𝑚𝑚𝑠𝑠 , the area weighted mean surface radiant 









𝑇𝑇𝑠𝑠𝑠𝑠1 ∙ 𝜃𝜃1 + 𝑇𝑇𝑠𝑠𝑠𝑠2 ∙ 𝜃𝜃2 + 𝑇𝑇𝑠𝑠𝑠𝑠3 ∙ 𝜃𝜃3 + ⋯
360
               (24)      
 
where 𝑀𝑀𝑅𝑅𝑇𝑇𝐴𝐴  indicates mean radiant temperature for point A, 𝑇𝑇𝑠𝑠𝑠𝑠  denotes surface 
temperature of interiors, and 𝜃𝜃 denotes exposure angle of a surface from the point being considered. 
In the current study, point A was assumed to be the occupant’s eye level who is seated in the middle 
of the space. However, when occupants are not sitting in the middle of the space but standing at 
the corner of the space, the surface radiant cooling effect from the TABS would be completely 
different (Figure 24), which in turn leads to the different estimation of the mean radiant 
temperature. For future works, the MPC framework will include the mean radiant temperature 
estimation that considers both the volume of the space and exact positioning of occupants, so that 
more accurate operative temperature can be computed.  
 







Finally, the space-state for each control time-step can be derived from the partial 
theoretical model [47]: 
 
 𝐱𝐱(𝑘𝑘 + 1) = 𝐀𝐀𝐱𝐱(𝑘𝑘) + 𝐁𝐁𝟏𝟏𝐮𝐮(𝑘𝑘) + 𝐁𝐁𝟐𝟐𝐰𝐰(𝑘𝑘)         (25) 
       𝐲𝐲(𝑘𝑘) = 𝐂𝐂𝐱𝐱(𝑘𝑘) + 𝐃𝐃𝟏𝟏𝐮𝐮(𝑘𝑘) + 𝐃𝐃𝟐𝟐𝐰𝐰(𝑘𝑘)            (26) 
 
where 𝐮𝐮 denotes the controllable input (the heat flux from the TABS), and 𝐰𝐰 denotes 
known uncontrollable inputs (weather data). 𝐃𝐃𝟏𝟏 and 𝐃𝐃𝟐𝟐 from the above model are usually null and 
thus can be omitted. The whole process of solving the MPC problem can be found in Appendix A.  
In most cases, the TABS is coupled with sub-mechanical ventilation cooling systems [8]; 
the majority of sensible cooling loads are covered with the TABS while the rest of the cooling load 
and ventilation demand is controlled by the sub-mechanical ventilation cooling systems. In this 
coupled system, the surface condensation risk can be prevented either by the dehumidification 
process or simply turning off the TABS and operating the air-based cooling system [97−99]. 
However, in warm and humid climate regions, these two control approaches will only narrow the 
operable periods for the TABS, leading to heavy dependence on the air-based cooling systems.  
If these TABS are governed by the proposed MPC-based surface condensation prevention 
framework, the correct surface cooling temperature for the TABS operation can be identified from 
the dynamic models; therefore, the operable chances for the TABS are increased without 





4.5. Site-specific Surface Condensation Prevention Performance Analysis 
As addressed in Section 2.2, based on the IECC’s classification, the climatic regions in the 
U.S. are simply classified into eight climate zones, and subdivided into A (Moist), B (Dry), and C 
(Marine), which specifies the humidity level of the climate zone. Even if the IECC climate zone 
classification has been widely accepted for the basis of the U.S. building code, when it comes to 
site-specific microclimatic conditions, strict reliance on the IECC map (Figure 11) can result in a 
discrepancy between actual sites’ climatic conditions and the conditions that are categorized and 
defined by the IECC climate classification. This broad and general classification by the IECC 
climate zone map can misdirect designers’ or builders’ utilization of the proposed MPC framework. 
The building sites adjacent to each other can sometimes experience significantly different weather 
conditions, although they are within the same IECC climate zone. Thus, site-specific estimation 
should help the designers and builders make better utilization of the proposed MPC framework 
and justify their application of the proposed MPC framework for the TABS operation for their 
project. 
Total 845 annual weather data (TMY, TMY2, and TMY3) of each site were collected from 
the U.S. Department of Energy website. These data were utilized for 1) annual surface 
condensation risk estimation while the TABS operation and 2) surface condensation prevention 
performance using the proposed MPC framework. Here, I present “MPC condensation prevention 
performance index” shown in Eq. (27) for the surface condensation prevention performance 
analysis. The estimation results were then visualized with geographic plots that can help designers 
and builders to examine the impact of their proposed MPC framework choices while the TABS 
operation for their projects. Figure 25 shows the analyzed United States sites in this study. The 





𝑀𝑀𝑃𝑃𝐶𝐶 𝑐𝑐𝑜𝑜𝑖𝑖𝑑𝑑𝑠𝑠𝑖𝑖𝑠𝑠𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 𝑜𝑜𝑚𝑚𝑠𝑠𝑣𝑣𝑠𝑠𝑖𝑖𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 𝑜𝑜𝑠𝑠𝑚𝑚𝑠𝑠𝑜𝑜𝑚𝑚𝑚𝑚𝑎𝑎𝑖𝑖𝑐𝑐𝑠𝑠𝑖𝑖𝑖𝑖𝑑𝑑𝑠𝑠𝑥𝑥 𝑖𝑖𝑖𝑖𝑑𝑑𝑠𝑠𝑥𝑥 [%] =  
𝐻𝐻𝑜𝑜𝑢𝑢𝑚𝑚𝑠𝑠 𝑜𝑜𝑠𝑠 𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠𝑎𝑎𝑐𝑐𝑠𝑠 𝑐𝑐𝑜𝑜𝑖𝑖𝑑𝑑𝑠𝑠𝑖𝑖𝑠𝑠𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 𝑜𝑜𝑖𝑖 𝑇𝑇𝐴𝐴𝑇𝑇𝑆𝑆 (𝑜𝑜𝑖𝑖/𝑜𝑜𝑠𝑠𝑠𝑠) −𝐻𝐻𝑜𝑜𝑢𝑢𝑚𝑚𝑠𝑠 𝑜𝑜𝑠𝑠 𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠𝑎𝑎𝑐𝑐𝑠𝑠 𝑐𝑐𝑜𝑜𝑖𝑖𝑑𝑑𝑠𝑠𝑖𝑖𝑠𝑠𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 𝑜𝑜𝑖𝑖 𝑇𝑇𝐴𝐴𝑇𝑇𝑆𝑆 (𝑀𝑀𝑃𝑃𝐶𝐶)





Figure 25. Analyzed U.S. sites in this study (based on the IECC climate zone classification) 
 
4.6. Energy Savings and Cost Reduction by the MPC-based TABS Operation 
Based on the site-specific surface condensation prevention performance analysis from 
Section 4.5, applicability of the proposed MPC framework (extended operable period with the 







Table 11. The selected site for each climate zone (Energy savings and cost reduction analysis) 
Climate 
zone Subdivision State City 
The average price of electricity to  
ultimate customers by end-use sector, 
commercial [¢/kWh] 
1 A (Moist) FL Miami 9.47 
2 A (Moist) TX Austin 7.93 
3 A (Moist) SC Charleston 9.94 
3 C (Marine) CA San Francisco 17.64 
4 A (Moist) PA Philadelphia 8.65 
4 C (Marine) CA Crescent City 17.64 
5 A (Moist) IL Chicago 9.14 
6 A (Moist) MN Minneapolis 10.04 
7 A (Moist) MN Duluth 10.04 
 
Figure 26. Location of the selected sites for each climate zone (Energy savings and cost reduction analysis) 
 
The above sites shown in Table 11 and Figure 26, were chosen from the total 845 climatic 
regions collected from the U.S. Department of Energy website to estimate the proposed MPC-
based surface condensation prevention framework’s energy savings potential and operational cost 
reduction. Each site represents typical zone climatic conditions categorized by the IECC. Under 
each site, three cooling modes (mechanical ventilation cooling, TABS with on/off control, and 




Energy Code program (Figure 27) [100]. The thermal performance of building envelopes was 
based on the requirement of the ASHRAE 90.1 [101] specification (Table 12), and the infiltration 
rate was kept constant at 0.25 air changes per hour. The medium-size office building’s total floor 
area was 1,650 m2 (50m × 33m). A configuration of the simulated room was 39.5m (width) × 10m 
(depth) × 4m (height), facing south façade with 33% windows to wall ratio.  
 
 
Figure 27. Prototype medium-size office building defined by the Building Energy Code Program 
 
The baseline mechanical ventilation cooling mode denotes a minimum outdoor air supply 
with recirculation air operation mode without using the TABS. The TABS using the on/off control 
refers to a minimum new air supply from sub-mechanical ventilation system with simple TABS 
operation that is governed by the on/off control algorithm. When the surface temperature of TABS 
reaches dewpoint temperature, the system turns off the TABS until the surface condensation risk 
gets smaller. Then, the plan depends on the sub-mechanical ventilation cooling system. The TABS 
with MPC cooling mode denotes a minimum outdoor air supply from sub-mechanical ventilation 




When the surface condensation is predicted, the system increases the surface temperature to keep 
the TABS operation while preventing the surface condensation development. 
 
Table 12. The building envelope requirements for each climate zone (ASHRAE 90.1 [101]) 
Climate zone 1 Roofs Walls Floors Slab-on-
Grade 
Fenestration 
Max. U-value [W/m2K] 0.273 0.704 1.987 4.145 2.839 
Min. R-value [m2K/W] 3.522 2.289 - - - 
SHGC - - - - 0.230 
VT - - - - 0.253 
Climate zone 2 Roofs Walls Floors Slab-on-
Grade 
Fenestration 
Max. U-value [W/m2K] 0.221 0.477 0.216 4.145 2.555 
Min. R-value [m2K/W] 4.403 2.959 5.283 - - 
SHGC - - - - 0.250 
VT - - - - 0.275 
Climate zone 3 Roofs Walls Floors Slab-on-
Grade 
Fenestration 
Max. U-value [W/m2K] 0.221 0.437 0.216 4.145 2.385 
Min. R-value [m2K/W] 4.403 3.170 5.283 - - 
SHGC - - - - 0.250 
VT - - - - 0.275 
Climate zone 4 Roofs Walls Floors Slab-on-
Grade 
Fenestration 
Max. U-value [W/m2K] 0.182 0.363 0.216 2.953 2.044 
Min. R-value [m2K/W] 5.283 3.610 5.283 2.642 - 
SHGC - - - - 0.360 
VT - - - - 0.396 
Climate zone 5 Roofs Walls Floors Slab-on-
Grade 
Fenestration 
Max. U-value [W/m2K] 0.182 0.312 0.216 2.953 2.044 
Min. R-value [m2K/W] 5.283 4.051 5.283 2.642 - 
SHGC - - - - 0.380 
VT - - - - 0.418 
Climate zone 6 Roofs Walls Floors Slab-on-
Grade 
Fenestration 
Max. U-value [W/m2K] 0.182 0.278 0.182 2.896 1.931 
Min. R-value [m2K/W] 5.283 4.491 6.692 3.522 - 
SHGC - - - - 0.380 
VT - - - - 0.418 
Climate zone 7 Roofs Walls Floors Slab-on-
Grade 
Fenestration 
Max. U-value [W/m2K] 0.159 0.278 0.182 2.896 1.647 
Min. R-value [m2K/W] 6.164 4.491 6.692 3.522 - 
SHGC - - - - 0.400 





At first, user sensible and latent cooling energy demands were calculated under each 
climatic region. The dynamic modeling from 4.1 was used for user cooling energy demand 
calculation and the calculation results were validated with EnergyPlus. The annual weather data 
from the Department of Energy were adopted for the calculation. At the same time, I estimated the 
TABS’s operable periods by both the on/off control logic and the model predictive control. To 
simplify the calculation process, the annual weather data from the Department of Energy were 
utilized for both current weather conditions and weather forecast data. The estimated TABS 
operable periods by each cooling mode were being used for the site distribution energy calculation.  
Then, the site cooling energy for different cooling modes was calculated. To be complete 
with the site cooling energy calculation, cooling energy from compression chiller, energy for 
cooling tower, and distribution energy were calculated under each climatic condition for three 
different cooling modes: mechanical ventilation cooling, TABS with on/off control, and TABS 
with MPC. 
Finally, annual operational costs for the cooling operation under each climatic region were 
calculated from the “average price of electricity to ultimate customers by end-use sector, 
commercial” provided by the U.S. Energy Information Administration (EIA) [102] shown in Table 
11. 
In the following section, accuracy and reliability of the developed dynamic models are 
improved with the curve-fitting process. Based on the calibrated dynamic models, an MPC-based 
surface condensation prevention framework is developed. Then, using the proposed MPC 
framework, site-specific condensation prevention performances throughout the climatic regions in 




mechanical ventilation cooling systems, the energy savings and cost reduction with the MPC-based 






CHAPTER 5. Results and Discussion 
 
5.1. Experiment Results  
The surface relative humidity data obtained from the experiments are shown as scattered 
plots in Figure 28. As shown in Figure 28, under combination A (𝜑𝜑𝑖𝑖𝑖𝑖 =80% and 𝑇𝑇𝑠𝑠𝑠𝑠 =15°C 
conditions) shown in Table 9, the surface relative humidity reached 100% after 70 minutes. Under 
combination B, it took 30 minutes additionally (i.e., total 90 minutes) to reach 100% surface 
relative humidity. In contrast, under combination C, it took 110−120 minutes for the concrete 
sample to reach 100% surface relative humidity. Under combination D, it took 180 minutes for the 
concrete sample to reach 100% surface relative humidity. 
 








































Under combination A (𝜑𝜑𝑖𝑖𝑖𝑖 =80% and 𝑇𝑇𝑠𝑠𝑠𝑠 =15°C settings), the surface relative humidity 
reached 100% the most rapidly. On the other hand, the combination D setting took the longest time 
to reach 100% surface relative humidity of the concrete sample. When comparing the required 
times to reach 100% surface relative humidity between combination B and combination C, it is 
apparent that combination B (𝜑𝜑𝑖𝑖𝑖𝑖=80% and 𝑇𝑇𝑠𝑠𝑠𝑠=18°C) setting takes less time to reach 100%.  
 
5.2. Model calibration Results 
The surface relative humidity curves generated from the dynamic model were calibrated 
with the measured data using the curve-fitting process. For the initial dynamic simulation run 
(without the curve-fitting process), the mid-range value from Table 10 in Section 4.3 were chosen 
for each physical parameter. To estimate the model calibration performance, the mean squared 
errors (MSE) of the dynamic model were calculated with and without the curve-fitting process 
(Table 13). The overall MSE between the simulated data and measurement was reduced by 47.2% 
after the curve-fitting process. When we split the MSE into each condition setting, the largest MSE 
was under 𝜑𝜑𝑖𝑖𝑖𝑖=80% and 𝑇𝑇𝑠𝑠𝑠𝑠=15°C setting. This largest MSE may result from the relatively small 
number of samples. In general, the overall MSE between the simulated data and measured data 
shows good agreement after the curve-fitting process has been conducted (Figure 28). 
 





𝜑𝜑𝑖𝑖𝑖𝑖 = 80% 
𝑇𝑇𝑠𝑠𝑠𝑠 = 15°C 
MSE 
𝜑𝜑𝑖𝑖𝑖𝑖 = 80% 
𝑇𝑇𝑠𝑠𝑠𝑠 = 18°C 
MSE 
𝜑𝜑𝑖𝑖𝑖𝑖 = 65% 
𝑇𝑇𝑠𝑠𝑠𝑠 = 15°C 
MSE 
𝜑𝜑𝑖𝑖𝑖𝑖 = 65% 





w/o 9.667 5.031 2.808 10.997 7.388 














Table 14 shows the resultant physical property values and the convective heat transfer 
coefficient obtained after the curve-fitting process. 
Table 14. The physical property values and the convective heat transfer coefficient obtained after the curve-fitting process 
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5.3. Required Time Charts of Surface Condensation Development 
Although the dynamic model was calibrated and showed reduced MSE (Table 13), these 
errors still have a risk of incorrectly predicting the surface condensation. To address this 
uncertainty, a safety factor approach was adopted for complete surface condensation control. Prior 
research [103, 104] introduce the safety factor approach for surface condensation control, and both 
references recommend subtracting surface temperature by 1−2 K before inputting it to the surface 
condensation prediction. The risk of failing to predict the surface condensation accurately can thus 
be almost completely eliminated with the safety factor approach. In this study, surface temperature 
was subtracted by 2 K before inputting it to the surface condensation prediction to bring safety 
factor approach.  
In general, the TABS are coupled with sub-mechanical ventilation cooling systems for the 
purpose of cooling rooms; the majority of sensible cooling load is covered with the TABS while 
the rest of the cooling load and ventilation demand are controlled by the sub-mechanical 
ventilation cooling systems. When occupants are in sedentary physical activity under air-
conditioned environment with a negligible air movement (< 0.2 m/s), the thermal comfort is mainly 
determined by the mean radiant temperature and air temperature [6]. In these conditions, indoor 




threshold of 25°C, because the majority of sensible cooling load can be covered by the radiant 




Figure 29. Validation results for the required time of surface condensation development on the concrete 
 
Based on the above-mentioned cooling system operation scenario, I propose a simple 
model predictive control method for the surface condensation on the TABS. The plotted curves in 
Figure 29 show the time required to develop the surface condensation for the current concrete 
sample under 𝑇𝑇𝑖𝑖𝑖𝑖 =25°C with a specific boundary condition (surface temperature and indoor 
relative humidity level). Numerous simulations were conducted after shifting boundary conditions 
and the simulation results were interpolated to generate the curves shown in Figure 29. The 
required time to develop the surface condensation under each boundary condition was estimated 
based on the time frame within which the volumetric moisture content of the concrete material 






































To validate these curves, the chamber tests were conducted again. For these tests, surface 
temperature of 21°C was included in addition to the formal test condition settings (Table 9); indoor 
air relative humidity settings were in a range from 60% to 90% at 10% intervals, under 25°C indoor 
air temperature. As shown in Figure 29. and Table 15, regardless of boundary condition settings, 
the simulation results had always slightly shorter time frames than the measurement results. Thus, 
the risk of incorrect prediction of the surface condensation decreases during the cooling periods 
when the TABS is in operation.  
 
Table 15. Required time to develop surface condensation from measurement and simulation 
𝑇𝑇𝑠𝑠𝑠𝑠 Method 𝜑𝜑𝑖𝑖𝑖𝑖 = 90% 𝜑𝜑𝑖𝑖𝑖𝑖 = 80% 𝜑𝜑𝑖𝑖𝑖𝑖 = 70% 𝜑𝜑𝑖𝑖𝑖𝑖 = 60% 
15°C 
Measurement 63 [min] 79 [min] 107 [min] 160 [min] 
Simulation 61 [min] 76 [min] 100 [min] 147 [min] 
18°C 
Measurement 74 [min] 103 [min] 146 [min] 270 [min] 
Simulation 73 [min] 94 [min] 135 [min] 254 [min] 
21°C 
Measurement 97 [min] 153 [min] 282 [min] - 





Figure 30. The required time charts of surface condensation development on the concrete layer 
 
Figure 30 is the outcome of required time chart of surface condensation development. This 
chart can be utilized for air-conditioned space where the sensible cooling load is mainly covered 
by the TABS. For example, when predicting the required time of surface condensation 
development (𝑡𝑡𝑠𝑠𝑠𝑠𝑟𝑟𝑢𝑢𝑖𝑖𝑠𝑠𝑠𝑠𝑑𝑑 ) under 𝑇𝑇𝑠𝑠𝑠𝑠 =18°C and 𝜑𝜑𝑖𝑖𝑖𝑖 =65%, the chart indicates that approximately 
𝑡𝑡𝑠𝑠𝑠𝑠𝑟𝑟𝑢𝑢𝑖𝑖𝑠𝑠𝑠𝑠𝑑𝑑=175 minutes for the concrete sample to develop the surface condensation. Based on the 
required time to develop surface condensation, the model predictive control framework can 
determine whether to operate the TABS or not, or to adjust the control input for the TABS (𝑇𝑇𝑠𝑠𝑠𝑠) 
for the following control horizon.  
It should be noted that the average values of indoor conditions (average relative humidity 
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charts, because the indoor air conditions are rarely constant in reality. The required time charts of 
surface condensation development are recommended for users who want brief understanding in 
time factor for the surface condensation development under specific indoor conditions, and thus 
to help them to control the surface condensation while TABS operation with relatively simple 
approach. When there is a significant fluctuation in indoor conditions that cannot be averaged, the 
dynamic simulation models should be utilized for the surface condensation prediction instead. 
 
5.4. An MPC-based Surface Condensation Prevention Framework 
As verified in Section 2.8, a longer control horizon (> one hour) is essential to deal with 
both the time-delay in hygrothermal transfer and the indoor condition changes in advance. 
However, as the control horizon gets longer, the more significant prediction error it gets. Based on 
A. Afram et al. [41], choices of sampling time interval, control horizon, and prediction horizon 
affect the prediction accuracy, computational cost, and response time of model predictive control. 
Thus, sampling time interval, control horizon, and prediction horizon should be chosen considering 
all the performance aspects of model predictive control. 
According to A. Afram et al. [41], the prediction horizon is defined by the length of time 
for which system output is computed by the dynamic models of MPC, whereas the control horizon 
refers to the length of time for which the control signal is computed. The sampling time interval is 
the time during which the control signal remains unchanged. In general, for slow processes in 
HVAC systems, the prediction horizon ranges between 5−48 hours, the control horizon ranges 
between 4−5 hours, and the sampling time interval ranges between 1−3 hours [61, 105, 106]. The 




equal to the sampling time interval. In most cases, the slow dynamics can be controlled typically 
by a longer prediction horizon of 24 hours and a slow sampling time interval of one hour.  
To find the optimal control horizon for the proposed MPC-based surface condensation 
prevention framework, a sensitivity study was conducted. The cumulative probability of prediction 
error was plotted over the two weeks of simulation data with alternations of the control horizon 
(Figure 31). As shown in Figure 31, in general, the longer the control horizon, the bigger the 
absolute mean prediction error it gets. However, when we expand the absolute mean prediction 
error range up to 2 K, the differences in cumulative probability among control horizon options are 
reduced significantly. As addressed in Section 5.3, the safety factor approach was applied in the 
current MPC framework, which subtract surface temperature by 2 K before inputting it to the 
surface condensation prediction; this will allow even six hours to be acceptable (cumulative 
probability > 84.5%) as the control horizon for the current MPC framework. By having relatively 
longer control horizon of six hours, the proposed MPC-based surface condensation prevention 




and verified in Section 5.3. As a result of the sensitivity study, one hour, six hours, and 24 hours 
were set to the sampling time interval, the control horizon, and the prediction horizon, respectively.  
 
 
Figure 31. Sensitivity study of control horizon 
 
Figure 32 shows a schematic MPC-based TABS operation for 24 hours under Atlanta, 
where has warm and partly humid climate conditions in summer. The sample time was set as one 
hour, the control horizon was set as six hours, and the prediction horizon was set as 24 hours; the 
objective function was solved over the entire prediction horizon of 24 hours until it finds the best 
control input for the TABS (𝑇𝑇𝑠𝑠𝑠𝑠) without violating any constraint. When the optimal control input 
is found, the MPC framework sends the input signal to the TABS for operation and steps forward 






Figure 32. Schematic MPC-based TABS operation over the time horizon 
 
The whole TABS operation procedure in conjunction with the MPC-based surface 
condensation prevention framework is shown in Figure 33. First, temperature and relative 
humidity changes in the construction layers are measured. Second, the dynamic model of 
construction layers is calibrated with the measured data to find the physical property values and 
the convective heat transfer coefficient. Third, the most feasible physical property values and the 
convective heat transfer coefficient are input to the dynamic model. Fourth, once the dynamic 
model of construction layers and buildings are coupled, the volumetric moisture content change in 
the construction layer is predicted in accordance with outdoor weather changes. Fifth, when the 
coupled dynamic model indicates a potential risk of developing surface condensation, the MPC 




Finally, this MPC-based TABS operation is iterated until it finds the best surface temperature to 
ensure not only condensation prevention but also thermal comfort and energy efficiency.  
 
 
Figure 33. MPC-based TABS operation procedure 
 
5.5. Site-specific Surface Condensation Prevention Performance 
 As presented in Section 4.5, the site-specific surface condensation prevention 
performances were estimated for total 845 regions in the U.S. based on “MPC condensation 
prevention performance index” (Eq. 27).  
  
𝑀𝑀𝑃𝑃𝐶𝐶 𝑐𝑐𝑜𝑜𝑖𝑖𝑑𝑑𝑠𝑠𝑖𝑖𝑠𝑠𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 𝑜𝑜𝑚𝑚𝑠𝑠𝑣𝑣𝑠𝑠𝑖𝑖𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 𝑜𝑜𝑠𝑠𝑚𝑚𝑠𝑠𝑜𝑜𝑚𝑚𝑚𝑚𝑎𝑎𝑖𝑖𝑐𝑐𝑠𝑠𝑖𝑖𝑖𝑖𝑑𝑑𝑠𝑠𝑥𝑥 𝑖𝑖𝑖𝑖𝑑𝑑𝑠𝑠𝑥𝑥 [%] =  
𝐻𝐻𝑜𝑜𝑢𝑢𝑚𝑚𝑠𝑠 𝑜𝑜𝑠𝑠 𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠𝑎𝑎𝑐𝑐𝑠𝑠 𝑐𝑐𝑜𝑜𝑖𝑖𝑑𝑑𝑠𝑠𝑖𝑖𝑠𝑠𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 𝑜𝑜𝑖𝑖 𝑇𝑇𝐴𝐴𝑇𝑇𝑆𝑆 (𝑜𝑜𝑖𝑖/𝑜𝑜𝑠𝑠𝑠𝑠) −𝐻𝐻𝑜𝑜𝑢𝑢𝑚𝑚𝑠𝑠 𝑜𝑜𝑠𝑠 𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠𝑎𝑎𝑐𝑐𝑠𝑠 𝑐𝑐𝑜𝑜𝑖𝑖𝑑𝑑𝑠𝑠𝑖𝑖𝑠𝑠𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 𝑜𝑜𝑖𝑖 𝑇𝑇𝐴𝐴𝑇𝑇𝑆𝑆 (𝑀𝑀𝑃𝑃𝐶𝐶)






The estimation results of surface condensation prevention performances at each site in the 
United States were generated as geographic plot (Figure 34) using MATLAB. The size and opacity 
of the bubbles on the chart represent the extended TABS operable periods using the proposed MPC 
framework over the TABS operable periods using the on/off control. That is, the bigger and opaque 
bubbles denote that the proposed MPC-based surface condensation prevention framework is more 
effective in given locations, regarding surface condensation prevention while TABS is in operation.  
As shown in Figure 34, in general, the proposed MPC-based surface condensation 
prevention framework is more effective in the climatic regions where has a partly warm and humid 
summer (Climate zone 3 −7 under Moist A or Marine C); however, the MPC framework gets less 
effective as climatic conditions are getting significantly warm and humid (Climate zone 1 − 3 
under Moist A). This is because the risk of developing surface condensation, while the TABS is in 
operation, is increasing significantly under such hot and humid climate regions where has 
relatively longer cooling period with less daily temperature fluctuation. Under these high risky 
conditions of developing surface condensation, the MPC framework will likely turning off the 
TABS to avoid surface condensation development and operates the sub-mechanical cooling system 











5.6. Energy Savings and Cost Reduction by the MPC-based TABS Operation 
Nine climate regions that have partly warm or hot, and humid summer (Table 11 in Section 
4.6) were chosen from the IECC climate zones classification to test the performance of the 
proposed MPC-based surface condensation prevention framework. Under each climate zone 
condition, three cooling modes (mechanical ventilation cooling, TABS with on/off control, and 
TABS with MPC) were tested in a room of medium-size office building [100].  
 
Figure 35. Annual user cooling energy demand for different climatic regions 
 
Table 16. Annual user cooling energy demand for different climatic regions 
IECC  










1A Miami 52.04 400.11 452.15 
2A Austin 48.31 286.48 334.79 
3A Charleston 39.92 258.19 298.10 
3C San Francisco 29.63 134.10 163.73 
4A Philadelphia 30.65 160.20 190.85 
4C Crescent City 28.27 95.05 123.32 
5A Chicago 30.01 138.10 168.11 
6A Minneapolis 26.66 110.67 137.33 

































At first, user sensible and latent cooling energy demands were calculated under each 
climatic region (Figure 35,). The dynamic modeling from 4.1 was used for user cooling energy 
demand calculation and the calculation results were validated with EnergyPlus results. 
As shown in Figure 35, both sensible and latent cooling energy are getting greater as 
climatic conditions shift to warmer and more humid. As it can be seen from the chart, latent cooling 
energy demands for Miami (1A), Austin (2A), and Charleston (3A) account for more than 85 % of 
total annual user cooling energy demand. These three climatic regions are categorized as “Warm-
Humid” area according to the IECC climate zone classification. Presumably, within these climatic 
zones, application of TABS will be challenging due to the high risk of developing surface 
condensation derived from the relatively high moisture content in ambient air. In contrast, 
Philadelphia (4A), Chicago (5A), Minneapolis (6A), and Duluth (7A), where has partly warm and 
humid climatic conditions during summer season, the operable periods for the TABS in such 
regions are expected to be extended governed by the proposed MPC-based surface condensation 
prevention framework. Besides, San Francisco (3C) and Crescent City (4C), where are defined as 
“Marine” area according to the IECC climate zone classification, are expected to show lower risk 
of developing surface condensation while operating the TABS for cooling. 
Based on the annual user cooling energy demand, the site cooling energy for different 
cooling modes were calculated and the results are shown in Figure 36 a−b. To be complete with 
the site cooling energy calculation, cooling energy from compression chiller, energy for cooling 
tower, and distribution energy were calculated under each climatic condition for three different 
cooling modes: mechanical ventilation cooling, TABS with on/off control, and TABS with MPC. 
For the compression chiller cooling energy calculation, the user cooling energy demands (Figure 




According to the references [107−110], the COP values for the conventional water-to-water 
compression chiller within medium-size office buildings were range from 3.5−4. For this study, 
the COP value of 3.5 water-to-water compression chillers was adopted for mechanical ventilation 
cooling mode while the COP value of 4.5 water-to-water compression chillers was applied for 
TABS cooling modes.  
 For the cooling tower energy calculation, we referred to the calculation procedure from 
the reference [111−113]. For the distribution energy calculation, different parameter values (e.g., 
specific heat capacity, density, efficiency, total pressure drop, etc.) were adopted for air-based 
mechanical ventilation cooling systems and water-based TABS cooling systems [8, 10, 112, 114]. 
Basically, the TABS were coupled with a sub-mechanical ventilation cooling system to be provided 
with the minimum required outdoor air and supplemental cooling when the TABS were inoperable 
due to the surface condensation risk. Then, based on the estimated TABS operable periods by each 
cooling mode (TABS with on/off control and TABS with MPC), the distribution energy for the 
TABS were determined. The parameter values adopted for the site cooling energy calculation can 





























































































































































































































































Table 17. Annual site cooling energy for different climate regions and cooling modes 
Mechanical ventilation cooling site energy 
Location Cooler energy Cooling tower Distribution Total 
1A. Miami 129.18 24.62 12.06 165.86 
2A. Austin 95.65 17.67 11.20 124.52 
3A. Charleston 85.17 15.71 9.25 110.13 
3C. San Francisco 46.78 7.94 6.87 61.59 
4A. Philadelphia 54.53 9.79 7.10 71.42 
4C. Crescent City 35.23 6.01 6.55 47.79 
5A. Chicago 48.03 8.51 6.96 63.50 
6A. Minneapolis 39.24 6.90 6.18 52.32 
7A. Duluth 26.73 4.61 5.54 36.88 
TABS with on/off control 
Location Cooler energy Cooling tower Distribution Total 
1A. Miami 104.62 24.62 2.84 132.08 
2A. Austin 77.22 17.67 2.14 97.03 
3A. Charleston 68.02 15.71 1.18 84.92 
3C. San Francisco 36.39 7.94 0.02 44.35 
4A. Philadelphia 42.69 9.79 0.21 52.68 
4C. Crescent City 27.40 6.01 0.02 33.43 
5A. Chicago 37.57 8.51 0.17 46.25 
6A. Minneapolis 30.58 6.90 0.08 37.56 
7A. Duluth 20.80 4.61 0.02 25.43 
TABS with MPC 
Location Cooler energy Cooling tower Distribution Total 
1A. Miami 103.58 24.62 2.18 130.38 
2A. Austin 76.42 17.67 1.57 95.66 
3A. Charleston 67.53 15.71 0.90 84.15 
3C. San Francisco 36.39 7.94 0.02 44.35 
4A. Philadelphia 42.60 9.79 0.15 52.53 
4C. Crescent City 27.40 6.01 0.02 33.43 
5A. Chicago 37.48 8.51 0.12 46.11 
6A. Minneapolis 30.56 6.90 0.06 37.52 






















































































As shown in Figure 35−36, regardless of climate zone, the TABS show notable cooling 
energy savings in comparison to the conventional mechanical ventilation cooling system. These 
energy savings were mainly derived from two factors: 1) the higher COP value of the TABS than 
that of the mechanical ventilation cooling system and 2) the type of distribution system. The higher 
COP value of the TABS was mainly derived from the effective ways of exchanging heat through 
the radiant cooling systems [8]. Thanks to this highly efficient heat exchange through the radiation 
[8], a supply water temperature for the radiant cooling systems can be higher than a supply air 
temperature for the forced air-based system to bring the same cooling effect to the occupants; 
having the supply water temperature (from the evaporator) close to the temperature of the 
condenser where waste heat is emitted, a coefficient of performance (COP) for the chillers can be 
increased [11]. Furthermore, if the condenser side is connected to a ground source loop or a cooling 
tower, the COP for the chillers can be increased significantly.  
Additionally, because of much greater specific heat and density of water than air, the 
water-based cooling systems required much less distribution energy than the air-based cooling 
system. This lesser distribution energy demand for water-based cooling systems contributed to the 
overall energy savings for the TABS than the mechanical ventilation cooling systems.  
Specifically, the MPC-based TABS operation achieved 21.4−31.1% cooling distribution 
energy savings over the mechanical ventilation cooling systems and achieved 15.0−33.0% cooling 
distribution energy savings over the on/off control depending on the climatic regions (except for 
the Marine climatic regions). Especially, under weather condition where has partly warm and 
humid summer (3C. San Francisco, 4A. Philadelphia, 4C. Crescent City, 5A. Chicago, 6A. 
Minneapolis, and 7A. Duluth), cooling energy savings with the TABS were greater than the other 




Charleston). These notable energy savings were derived from the longer extended operable periods 
for the TABS with guidance from the MPC framework (Appendix C. Figure 45−80).  
As shown in Figure 38, the trends in cooling operational cost between the cooling modes 
were similar to the site cooling energy results (Figure 37). However, based on the Table 11, cheaper 
electricity cost for Austin (7.93 ¢/kWh) and Philadelphia (8.65 ¢/kWh) compared to the other cities 
(Miami: 9.47 ¢/kWh, Charleston 9.94 ¢/kWh, San Francisco 17.64 ¢/kWh, Crescent City 
17.64 ¢/kWh, Chicago 9.14 ¢/kWh, Minneapolis 10.04 ¢/kWh, and Duluth 10.04 ¢/kWh) led to 
smaller cost savings. In general, the longer the operable periods for TABS, the lower the cooling 
energy and the electricity cost it took than the conventional mechanical ventilation cooling systems. 
Under partly warm and humid climatic conditions, the on/off control systems tended to turn off 
the TABS as long as the surface condensation risk was detected. In contrast, MPC adjusted the 
right amount of energy input in a gradient manner that can maintain indoor thermal comfort 
without developing surface condensation. Thus, MPC could extend the overall operable periods 
for the TABS more than the on/off control, which in turn leads to an additional cooling energy and 
electricity cost saving for each city. 
 



















































Operational Cost for Cooling 


















1A. Miami 15.71 12.51 12.35 
2A. Austin 9.87 7.69 7.59 
3A. Charleston 10.95 8.44 8.36 
3C. San Francisco 10.86 7.82 7.82 
4A. Philadelphia 6.18 4.56 4.54 
4C. Crescent City 8.43 5.90 5.90 
5A. Chicago 5.80 4.23 4.21 
6A. Minneapolis 5.25 3.77 3.77 
7A. Duluth 3.70 2.55 2.55 
 
In this section, step-by-step model predictive control-based surface condensation 
prevention framework development was addressed and efficacy of the proposed MPC framework 
for the TABS operation was estimated in terms of surface condensation prevention performance, 
energy savings potential, and operational cost. The results show that the proposed MPC-based 
surface condensation prevention framework was more effective in partly warm and humid climatic 
regions while the MPC framework gets less effective as climatic conditions are getting 
significantly warm and humid. Regardless of climate zone, the TABS showed notable cooling 
energy savings when it is compared to the conventional mechanical ventilation cooling system. 
The MPC-based TABS operation achieved 21.4−31.1% cooling distribution energy savings over 
the mechanical ventilation cooling systems and saved 15.0−33.0% cooling distribution energy over 
the on/off control depending on the climatic regions. When it comes to operational cost, the longer 
the operable periods for TABS, the lower the cooling energy and the electricity cost it took than 







CHAPTER 6. Conclusion 
 
6.1. Highlights 
- This study proposes Model Predictive Control (MPC)-based surface condensation 
prevention framework that reduces the surface condensation occurrence risk even when 
the thermo-active building system is in operation under warm and humid climate 
regions. 
 
- Development procedure of the MPC framework presents integration between 
numerical hygrothermal transfer dynamic models and physical measurements, which 
allows for more accurate surface condensation prediction. 
 
- This study demonstrates the proposed framework’s site-specific surface condensation 
prevention performance for the thermo-active building system under most climate 
regions in the U.S., by which designers and planners can determine the applicability of 
the proposed framework to their projects. 
 
- The results of this study show energy savings potential and operational cost reduction 
(without compromising occupants’ thermal comfort) with thermo-active building 
system over conventional mechanical ventilation cooling system; additional energy 
savings potential and operational cost reduction were analyzed by extending the 
operable periods for the thermo-active building systems using the proposed MPC-based 
surface condensation prevention framework. 
 
6.2. Conclusions 
This study proposes a novel model predictive control (MPC)-based surface condensation 
prevention framework that can accurately predict the occurrence of surface condensation for TABS. 
In contrast to the classical MPC that adopts short-term control horizon, we propose a longer control 
horizon in order to deal with both the time-delay in hygrothermal transfer and the indoor condition 




In the process of dynamic model development, heat and moisture transfer behaviors in the 
concrete sample were tested in a chamber, and the measured data were used for dynamic model 
calibration. The prediction accuracy of the dynamic model was improved (the MSE dropped by 
47.2%) after the model calibration, and the most feasible physical property values and heat transfer 
coefficient for the concrete sample were derived via the curve fitting process. 
Our results show that when the calibrated dynamic model of construction layers and 
dynamic model of buildings are coupled, the risk of surface condensation development can be 
predicted in relation to surface temperature of the TABS and indoor condition change. Adopting 
the volumetric moisture content as the condensation risk indicator instead of the surface relative 
humidity level allows the moisture diffusion process from the past to the current stage to be 
considered, thus enabling more accurate surface condensation prediction. 
For the surface condensation prevention performance (Figure 39−40), in general, the 
proposed MPC framework is more effective in climatic regions where has a partly warm and humid 
summer. In contrast, the MPC framework gets less effective as climatic conditions are getting 
significantly hot and humid. This is because the risk of developing surface condensation is 
increasing significantly under such hot and humid climate regions where has a relatively longer 
cooling period with less daily temperature fluctuation.  
As shown in the charts (Figure 41−42), the MPC-based TABS operation achieved 
15.0−33.0% cooling distribution energy savings over the on/off control depending on the climatic 
regions (except for the Marine climatic regions). These distribution energy savings were mainly 
derived from the extended operable periods for the TABS by the MPC framework. However, too 




The operational cost reductions by the MPC-based TABS operation (Figure 43−44) were 
plotted for each city. As shown in these figures, the trends in cooling operational cost between the 
two cooling modes were similar to the site cooling energy results. In general, the longer the 
operable periods for the TABS, the lower the cooling energy and the electricity cost they use than 
the conventional mechanical ventilation cooling systems. However, the cheaper electricity cost for 
Austin (7.93 ¢/kWh) and Philadelphia (8.65 ¢/kWh) compared to the other cities led to smaller 
cost savings than expected. 
Because the MPC-based surface condensation prevention framework continually controls 
the surface condensation when the TABS is in operation, potential damage to the building 
construction layers, such as corrosion of the building fabric or deterioration of insulation can be 
avoided. Avoidance of damages in building envelopes will extend the repair cycle for each building 
construction layer, which in turn leads to total maintenance cost savings for buildings.  
Moreover, the mold growth-driven health problems like allergic rhinitis can be avoided 
by continuous surface condensation control by the MPC framework. With the one day ahead 
surface condensation prediction by the MPC framework, the potential risk of failing to detect 
surface condensation can be eliminated, which will contribute to the prevention of mold growth in 
building construction layers. 
In addition, the proposed MPC-based surface condensation prevention framework will 
broaden the use of the TABS even in warm and humid climate regions. Based on the global radiant 
heating and cooling systems market reports [80], analysts forecast the global market for radiant 
cooling systems, including TABS, to grow at a compound annual growth rate of 7.14%, which 
contributes to 1.63 billion dollars in incremental growth during the period 2018−2022. Given the 




By controlling the potential risk of surface condensation development, it can extend the use of the 
TABS to areas in which climate conditions had made them infeasible.  
Furthermore, the broadened TABS application in warm and humid climate regions will 
provide more freedom for architectural designers. As I mentioned in Section 1.2., many great 
architectures could have been preserved their integrity or have maintained their initial design 





Figure 39. Site-specific surface condensation prevention performance 





Figure 41. Site-specific distribution energy savings potential 




Figure 43. Site-specific operational cost reduction 





First, the applicability of the proposed MPC-based surface condensation prevention 
framework on the TABS needs to be validated in a real building. Given an actual mid-size office 
building that adopts the TABS as its major cooling systems, I can test the proposed MPC 
framework in everyday working indoor conditions with partly warm and humid climatic weather. 
Also, the site cooling energy use and the total operational cost to maintain indoor thermal comfort 
without developing the surface condensation can be estimated with sensors and metering systems.  
Second, the current dynamic models in the proposed MPC framework do not provide 
precise mean radiant temperature estimation in relation to the occupant’s position. When we cool 
indoor space with the TABS, not only indoor air temperature but also the mean radiant temperature 
is influential for occupants’ thermal comfort. Because of this combined effect of operative 
temperature on occupants’ thermal comfort, we set operative temperature as an indicator for 
thermal comfort rather than the indoor air temperature in the current study. As I addressed in 
Section 4.4, the measuring point for the mean radiant temperature was always assumed to be the 
occupant’s eye level who is seated in the middle of the space. However, when occupants are not 
sitting in the middle of the space but standing at the corner of the space, the surface radiant cooling 
effect from the TABS would be completely different, which in turn leads to the different estimation 
of the mean radiant temperature. Thus, for more precise operative temperature estimation, the MPC 
framework may include the mean radiant temperature calculation that considers both the volume 





6.4. Future Works 
Besides the partial theoretical model approach, data-driven models are also widely used 
for the dynamic model of MPC. Several months’ data sets are required for training the data-driven 
model. In general, 60 % of collected data is utilized for the training and the rest are used for the 
validation. After the data-driven model has been trained and validated with the massive data sets, 
the model can be adopted as a dynamic model for MPC. With the developed data-driven model, 
the surface condensation risk can be predicted during the TABS operation, thus the MPC 
framework can determine the best control input for the TABS. These two different dynamic 
modeling approaches (partial theoretical model and data-driven model) are then applied in the 
TABS operation to compare the performance in surface condensation prevention, energy savings 
potential, maintaining thermal comfort, and calculation time. 
Also, I envision applying the proposed MPC framework for preventing surface 
condensation in large spaces, such as the airport. Suppose that a large space of the airport is covered 
by a fiberglass membrane. When the indoor moist air is floated by buoyancy effect and suddenly 
meets the cold surface of the roof membrane, there is a high risk of developing surface 
condensation. Currently, many airports run high-speed fans constantly on roof membranes to 
prevent surface condensation development. This redundant fan energy can be saved with the 
proposed MPC framework.  
Furthermore, I envision expanding the applicability of the proposed MPC framework in 
harsher climate regions like East Asia, where has much more humid and warm conditions. Recently, 
hydronic-based surface radiant cooling systems have a focus of much attention from the planners 
and designers in East Asia. The application of the proposed MPC framework in such climatic 
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APPENDIX A. The Whole Process of Solving the MPC Problem 
 
The space-state for each control time-step can be defined as [45]: 
 
𝐱𝐱(𝑘𝑘 + 1) = 𝐀𝐀𝐱𝐱(𝑘𝑘) + 𝐁𝐁𝟏𝟏𝐮𝐮(𝑘𝑘) + 𝐁𝐁𝟐𝟐𝐰𝐰(𝑘𝑘) 
                                      𝐲𝐲(𝑘𝑘) = 𝐂𝐂𝐱𝐱(𝑘𝑘) + 𝐃𝐃𝟏𝟏𝐮𝐮(𝑘𝑘) + 𝐃𝐃𝟐𝟐𝐰𝐰(𝑘𝑘)                                   (28)    
 
where 𝐮𝐮 denotes the controllable input (the heat flux from the TABS), and 𝐰𝐰 denotes 
known uncontrollable inputs (weather data). 𝐃𝐃𝟏𝟏 and 𝐃𝐃𝟐𝟐 from the above model are usually null 
and thus can be omitted. Thus, the future 𝑁𝑁𝑦𝑦 states, 𝐱𝐱�(𝑘𝑘 + 1) … 𝐱𝐱��𝑘𝑘 + 𝑁𝑁𝑦𝑦�, can be calculated by 
[45]: 
 
𝐱𝐱�(𝑘𝑘 + 1) = 𝐀𝐀𝐱𝐱(𝑘𝑘) + 𝐁𝐁𝟏𝟏𝐮𝐮(𝑘𝑘) + 𝐁𝐁𝟐𝟐𝐰𝐰(𝑘𝑘)  
𝐱𝐱�(𝑘𝑘 + 2) = 𝐀𝐀𝐱𝐱(𝑘𝑘 + 1) + 𝐁𝐁𝟏𝟏𝐮𝐮(𝑘𝑘 + 1) + 𝐁𝐁𝟐𝟐𝐰𝐰(𝑘𝑘 + 1) 
                        = 𝐀𝐀𝟐𝟐𝐱𝐱(𝑘𝑘) + 𝐀𝐀𝐁𝐁𝟏𝟏𝐮𝐮(𝑘𝑘) + 𝐁𝐁𝟏𝟏𝐮𝐮(𝑘𝑘 + 1) + 𝐀𝐀𝐁𝐁𝟐𝟐𝐰𝐰(𝑘𝑘) + 𝐁𝐁𝟐𝟐𝐰𝐰(𝑘𝑘 + 1) 
⋮ 
𝐱𝐱��𝑘𝑘 + 𝑁𝑁𝑦𝑦� = 𝐀𝐀𝑁𝑁𝑦𝑦𝐱𝐱(𝑘𝑘) + 𝐀𝐀𝑁𝑁𝑦𝑦−1𝐁𝐁𝟏𝟏𝐮𝐮(𝑘𝑘) + 𝐀𝐀𝑁𝑁𝑦𝑦−2𝐁𝐁𝟏𝟏𝐮𝐮(𝑘𝑘 + 1) + ⋯ 
                       +𝐀𝐀𝐁𝐁𝟏𝟏𝐮𝐮�𝑘𝑘 + 𝑁𝑁𝑦𝑦 − 1� + 𝐀𝐀𝑁𝑁𝑦𝑦−1𝐁𝐁𝟐𝟐𝐰𝐰(𝑘𝑘) 
                       +𝐀𝐀𝑁𝑁𝑦𝑦−2𝐁𝐁𝟐𝟐𝐰𝐰(𝑘𝑘 + 1) + ⋯+ 𝐀𝐀𝐁𝐁𝟐𝟐𝐰𝐰�𝑘𝑘 + 𝑁𝑁𝑦𝑦 − 1�                                (29)    
 
Using the estimation of the future states (𝐱𝐱�), the future 𝑁𝑁𝑦𝑦 outputs, 𝐲𝐲�(𝑘𝑘 + 1) … 𝐲𝐲��𝑘𝑘 +





𝐲𝐲�(𝑘𝑘 + 1) = 𝐂𝐂𝐀𝐀𝐱𝐱(𝑘𝑘) + 𝐂𝐂𝐁𝐁𝟏𝟏𝐮𝐮(𝑘𝑘) + 𝐂𝐂𝐁𝐁𝟐𝟐𝐰𝐰(𝑘𝑘) 
    𝐲𝐲�(𝑘𝑘 + 2) = 𝐂𝐂𝐀𝐀𝟐𝟐𝐱𝐱(𝑘𝑘) + 𝐂𝐂𝐀𝐀𝐁𝐁𝟏𝟏𝐮𝐮(𝑘𝑘) + 𝐂𝐂𝐁𝐁𝟏𝟏𝐮𝐮(𝑘𝑘 + 1) + 𝐂𝐂𝐀𝐀𝐁𝐁𝟐𝟐𝐰𝐰(𝑘𝑘) + 𝐂𝐂𝐁𝐁𝟐𝟐𝐰𝐰(𝑘𝑘 + 1) 
⋮ 
    𝐲𝐲��𝑘𝑘 + 𝑁𝑁𝑦𝑦� = 𝐂𝐂𝐀𝐀𝑁𝑁𝑦𝑦𝐱𝐱(𝑘𝑘) + 𝐂𝐂𝐀𝐀𝑁𝑁𝑦𝑦−1𝐁𝐁𝟏𝟏𝐮𝐮(𝑘𝑘) + 𝐂𝐂𝐀𝐀𝑁𝑁𝑦𝑦−2𝐁𝐁𝟏𝟏𝐮𝐮(𝑘𝑘 + 1) + ⋯ 
 
                       +𝐂𝐂𝐀𝐀𝐁𝐁𝟏𝟏𝐮𝐮�𝑘𝑘 + 𝑁𝑁𝑦𝑦 − 1� + 𝐂𝐂𝐀𝐀𝑁𝑁𝑦𝑦−1𝐁𝐁𝟐𝟐𝐰𝐰(𝑘𝑘) 
                         +𝐂𝐂𝐀𝐀𝑁𝑁𝑦𝑦−2𝐁𝐁𝟐𝟐𝐰𝐰(𝑘𝑘 + 1) + ⋯+ 𝐂𝐂𝐀𝐀𝐁𝐁𝟐𝟐𝐰𝐰�𝑘𝑘 + 𝑁𝑁𝑦𝑦 − 1�                   (30)    
 
Because future outputs only depend on the current states, 𝐱𝐱(𝑘𝑘), current inputs and future 
inputs, 𝐮𝐮(𝑘𝑘)… 𝐮𝐮�𝑘𝑘 + 𝑁𝑁𝑦𝑦 − 1�, 𝐰𝐰(𝑘𝑘)… 𝐰𝐰�𝑘𝑘 + 𝑁𝑁𝑦𝑦 − 1�, following vectors can be derived [45]: 
 
𝐲𝐲� = �𝐲𝐲�𝑇𝑇(𝑘𝑘 + 1)     𝐲𝐲�𝑇𝑇(𝑘𝑘 + 2)     𝐲𝐲�𝑇𝑇(𝑘𝑘 + 3)   ⋯   𝐲𝐲�𝑇𝑇(𝑘𝑘 + 𝑁𝑁𝑦𝑦)�
𝑇𝑇                              (31) 
𝐮𝐮 = �𝐮𝐮𝑇𝑇(𝑘𝑘)        𝐮𝐮𝑇𝑇(𝑘𝑘 + 1)     𝐮𝐮𝑇𝑇(𝑘𝑘 + 2)   ⋯   𝐮𝐮𝑇𝑇(𝑘𝑘 + 𝑁𝑁𝑦𝑦 − 1)�
𝑇𝑇                             (32) 
𝐰𝐰 = �𝐰𝐰𝑇𝑇(𝑘𝑘)       𝐰𝐰𝑇𝑇(𝑘𝑘 + 1)     𝐰𝐰𝑇𝑇(𝑘𝑘 + 2)  ⋯   𝐰𝐰𝑇𝑇(𝑘𝑘 + 𝑁𝑁𝑦𝑦 − 1)�
𝑇𝑇                         (33) 
 
where 𝐲𝐲� is the predicted output for each time-step, 𝐮𝐮 is the control input for each time-
step, and 𝐰𝐰 is the uncontrollable input for each time-step. Then, the estimation of the future 𝑁𝑁𝑦𝑦 
output can be written in matrix form as [45]:  
 

























𝐂𝐂𝐁𝐁1           0          0     ⋯      0
𝐂𝐂𝐀𝐀𝐁𝐁1         𝐂𝐂𝐁𝐁1         0     ⋯      0
𝐂𝐂𝐀𝐀𝟐𝟐𝐁𝐁1        𝐂𝐂𝐀𝐀𝐁𝐁1       𝐂𝐂𝐁𝐁1     ⋯      0
⋮















𝐂𝐂𝐁𝐁2           0          0     ⋯      0
𝐂𝐂𝐀𝐀𝐁𝐁2         𝐂𝐂𝐁𝐁2         0     ⋯      0
𝐂𝐂𝐀𝐀𝟐𝟐𝐁𝐁2        𝐂𝐂𝐀𝐀𝐁𝐁2       𝐂𝐂𝐁𝐁2     ⋯      0
⋮







The above matrices, 𝐅𝐅,𝚿𝚿1, and 𝚿𝚿2 are functions of constant model parameters. By 
defining the upper limit of the temperature in vector from [45]: 
 
𝐲𝐲𝑚𝑚𝑠𝑠𝑚𝑚 = �𝑇𝑇𝑚𝑚𝑠𝑠𝑚𝑚(𝑘𝑘 + 1)  𝑇𝑇𝑚𝑚𝑠𝑠𝑚𝑚(𝑘𝑘 + 2)   𝑇𝑇𝑚𝑚𝑠𝑠𝑚𝑚(𝑘𝑘 + 3) ⋯  𝑇𝑇𝑚𝑚𝑠𝑠𝑚𝑚�𝑘𝑘 + 𝑁𝑁𝑦𝑦��
𝑇𝑇                 (35) 
 
By replacing the future outputs by the future outputs by the relation (), optimization 







� 𝐮𝐮 ≤ �
0
𝐜𝐜u𝑚𝑚𝑠𝑠𝑚𝑚
−𝐅𝐅𝐱𝐱(𝑘𝑘) −𝚿𝚿2𝐰𝐰 + 𝐲𝐲𝑚𝑚𝑠𝑠𝑚𝑚
�                                      (36) 
 
The vector 𝐜𝐜 is a unitary vector and the matrix 𝐈𝐈 is the identity matrix of proper size. 













APPENDIX B. The Analyzed United States Sites Lists 
 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX C. Annual Simulation Result of MPC-based TABS Operation 
 
Figure 45. Volumetric moisture content change in concrete layer with TABS operation, disregarding surface condensation risk (Miami_FL) 
 
 








































Figure 47. Outdoor air temperature and indoor operative temperature with MPC-based TABS operation (Miami_FL) 
  


































Figure 49. Volumetric moisture content change in concrete layer with TABS operation, disregarding surface condensation risk (Austin_TX) 
   
 











































Figure 51. Outdoor air temperature and indoor operative temperature with MPC-based TABS operation (Austin_TX) 
  


































Figure 53. Volumetric moisture content change in concrete layer with TABS operation, disregarding surface condensation risk (Charleston_SC) 
  
 











































Figure 55. Outdoor air temperature and indoor operative temperature with MPC-based TABS operation (Charleston_SC) 
 


































Figure 57. Volumetric moisture content change in concrete layer with TABS operation, disregarding surface condensation risk (San Francisco_CA) 
    
 











































Figure 59. Outdoor air temperature and indoor operative temperature with MPC-based TABS operation (San Francisco_CA) 
 


































Figure 61. Volumetric moisture content change in concrete layer with TABS operation, disregarding surface condensation risk (Philadelphia_PA) 
  
 











































Figure 63. Outdoor air temperature and indoor operative temperature with MPC-based TABS operation (Philadelphia_PA) 
  


































Figure 65. Volumetric moisture content change in concrete layer with TABS operation, disregarding surface condensation risk (Crescent City_CA) 
   
  











































Figure 67. Outdoor air temperature and indoor operative temperature with MPC-based TABS operation (Crescent City_CA) 
  


































Figure 69. Volumetric moisture content change in concrete layer with TABS operation, disregarding surface condensation risk (Chicago_IL) 
  
  











































Figure 71. Outdoor air temperature and indoor operative temperature with MPC-based TABS operation (Chicago_IL) 
  



































Figure 73. Volumetric moisture content change in concrete layer with TABS operation, disregarding surface condensation risk (Minneapolis_MN) 
  
 










































Figure 75. Outdoor air temperature and indoor operative temperature with MPC-based TABS operation (Minneapolis_MN) 
  


































Figure 77.Volumetric moisture content change in concrete layer with TABS operation, disregarding surface condensation risk (Duluth_MN) 
 
  











































Figure 79. Outdoor air temperature and indoor operative temperature with MPC-based TABS operation (Duluth_MN) 
  

































APPENDIX D. Summary of Parameter Values for the Site Cooling Energy Calculation 
 
Table 19. Summary of parameter values for the site cooling energy calculation 
Parameter Value References 
COP for water-to-water compression chiller 
(Mechanical ventilation cooling) 3.5 [-] [107−109] 
COP for water-to-water compression chiller 
(TABS) 4.5 [-] [107−109] 
Mechanical ventilation temperature difference 10 [K] [111] 
TABS temperature difference 3 [K] [111] 
Outdoor air supply rate 426.6 [m3/hr] = 0.27 [ACH] [10] 
Total pressure drop for air system 1000 [Pa] [112] 
Blower efficiency 0.6 [-] [112] 
Blower electric power 0.55 [W/m3 hr] [111] 
Total pressure drop for water system 30000 [Pa] [112] 
Pump efficiency 0.72 [-] [112] 
Closed cooling tower efficiency (Tinlet-Toutlet)/(Tinlet-Twet-bulb) [-] [113, 114] 
Cooling tower electric power 0.033 [kW/kW] [111] 
 
